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PREFACE 
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D.W. E s k e r .  T h e  p e r s o n s  r e s p o n s i b l e  for t he  r e s e a r c h  p r o j e c t s  i n c l u d e d  
in  t h i s  program were :  
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J . C .  Krou t i l  

T h r u s t  D.W. E s k e r  

Mass flux J . C .  Krou t i l  

Impac t  p r e s s u r e  J . C .  Krou t i l  

Ve loc i ty  S.E. Merrifield 
R.A. Williamson 
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SUMMARY 

T h e  exhaus t  flow of arc-jet propulsion devices  
w a s  s tudied with spec ia l ized  diagnost ic  tools  in 
order to identify factors  in the energy transfer 
mechanism for t& production of thrust  and for the 
utilization of propellant energy; thereby, providing 
information leading to improvements in the  design 
and performance of arc-jet propulsion devices .  

T h e  hydrogen thrustors used in the  experi- 
mental program included 3 radiation-cooled and 
3 water-cooled arc- je ts  of the constr ic ted arc 
des ign ,  a regeneratively-cooled arc-jet of the semi- 
constr ic ted arc design,  and a water-cooled high 
current MPD arc-jet. 

T h e  constr ic ted arc  thrustors were operated 
over  an arc power range of 6 to 42 kW and a hy- 
drogen flow ra t e  range of 3.5 x 
lb / sec .  T h e  semi-constricted arc  thrustor w a s  
operated at a power input of 30 kW and a hydrogen 
flow ra t e  of 7.35 x lb/sec and the MPD arc- 
j e t  w a s  operated over a power range  of 32  to 108 
kW and a range of hydrogen flow ra te  of 0 to 
1.32 x lb/sec.  

T h e  thrust  and spec i f ic  impulse character- 
i s t i c s  of each  of the different thrustor configura- 
t ions operat ing in a vacuum were obtained with 
a thrus t  s tand .  T h e  measured thrust  of the con- 
s t r ic ted  arc  uni t s  varied from 0.28 to 0.44 lbs 
and the  spec i f i c  impulse ranged from 700 to 1100 
sec. T h e  semi-constr ic ted arc thrustor recorded 
a thrus t  l eve l  of 0.713 lb at a spec i f ic  impulse 
leve l  of 970 sec and the MPD arc-jet thrust  
ranged from 0.13 to 0.30 lb with a spec i f ic  im- 
pu l se  range  of 1000 sec to 2600 sec. 

to  5 . 5 ~  

Nozzle  ex i t  plane profile measurements of 
m a s s  flux, impact pressure,  velocity, and stag- 
nation enthalpy were obtailied over  1 2  operat ing 
condi t ions of the  water-cooled constr ic ted arc  
thrustor and one operating condition on the  re- 
generatively-cooled semi-constricted arc  thrust- 
or. 

Mass flux profiles measured with a water- 
cooled mass flux probe exhibited d i p s  on  the  
exhaus t  center l ine for both of the  thrustor con- 
figurations. Integration of the  profiles yielded 
97% of the  metered propellant flow rate  for t h e  
semi-constricted arc thrustor and a range of 80 
to 90% for the  water-cooled arc-jet. 

T h e  impact pressure profiles were peaked 
on the  exhaus t  center l ine and asymmetric for 
t he  constr ic ted a rc  thrustor and posses sed  a 
d ip  on the center l ine for the semi-constricted a rc  
thrustor. Integration of the pressure  profiles 
resul ted in thrust  88 to 100% of the  measured 
thrust. 

Velocity profiles were obtained by means of 
the  dual  photocell velocity meter and the  combina- 
tion of mass  flux and impact pressure measurements. 
T h e  profiles were peaked on the  exhaus t  center- 
l ine  for both arc-jet configurations; however, the  
semi-constricted a rc  profile was  not  as sharply 
peaked as the water-cooled arc-jet profiles. 

Stagnation enthalpy profiles were obtained 
with a water-cooled calorimetric probe which 
peaked sharply on the exhaus t  center l ine for both 
arc- je t  configurations. T h e  rat io  of center-  
l ine  enthalpy to bulk stagnation enthalpy ranged 
between 2.1 and 4.1. 
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S U M M A R Y  

13 Electron concentrations between 0.9 x 10 
and 2.0 x 
the  constricted arc thrustor with a Langmuir probe 
while va lues  between 1.0 x 1014 and 1.8 x 

techniques.  

a combination of the mass  flux and s tagnat ion en- 
thalpy profiles which peaked sharply on the  ex- 
haus t  center l ine for t h e  constricted a rc  thrustor and 
were relatively flat for t he  semi-constricted arc 
unit. Integration of t h e s e  profiles yielded a range 
of 75 to 100% agreement with t h e  measured power 
in t h e  exhaus t  flow. 

T h e  distribution of the kinetic power flux ob- 
tained from the  velocity and mass  flux measure- 
ments showed t h e  largest  concentration of kinetic 
power exis ted on the exhaus t  centerline.  Inte- 
gration of t h e s e  profiles resulted in an est imate  

(electrons/cm 3 ) were measured on 

electrons/cm 3 were obtained by  spectroscopic  

Total power flux profiles were obtained through 

of t h e  non-uniform losses of both arc- je ts  to be 
l e s s  than 5% of t h e  input power. 

T h e  sum of the  frozen flow and thermal power 
flux profiles resulted in  a sharply peaked distri-  
bution which became more pronounced as the input 
power w a s  increased. 

for two  operating conditions on the constricted arc- 
j e t  w a s  made which resulted in a thermal power 
es t imate  of 7% of the  input power for t h e s e  two 
conditions . 

A comparison of the  measured ex i t  plane pro- 
f i l e s  with an est imate  of t h e  flow conditions at 
t h e  constrictor throat based on a n  equilibrium ca l -  
culation indicated that  a rapid mixing of the  con- 
s t r ic tor  flow must  occur  in the  nozzle  expansion 
if the est imated throat conditions a re  to b e  con- 
s i s t e n t  with the measured e x i t  properties. 

A calculation of the  gas temperature profiles 

vi MCDONNELL Report E368 . March 1966 



1 Introduction 

T h e  electrothermal arc-jet h a s  been the  sub- 
j ec t  of much research and development work in 
recent years  and considerable  progress has  been 
made towards es tab l i sh ing  a rel iable  configura- 
tion capable  of operation for long durations. 

a detai led knowledge of the  power l o s s e s  occur- 
ring in the  conversion of e lec t r ica l  power to ki- 
net ic  th rus t  power. T h e s e  l o s s e s  include hea t  
t ransfer  to the  thrustor body due  to conduction, 
convect ion,  radiation, and electron condensat ion 
from the high temperature plasma,  frozen flow 
l o s s e s  as a resu l t  of the rapid expansion,  pro- 
f i le  l o s s e s  due to non-uniformities in exhaus t  
flow, and expansion l o s s e s  due to incomplete con- 
version of thermal to kinetic energy. Improvement 
of the  thrust  efficiency would a l so  be  enhanced 
by a knowledge of the  mechanism of energy trans- 
fer from the  a rc  to the  gas. 

In order to invest igate  the  l o s s e s  and energy 
exchange p rocesses  occurring in hydrogen arc- je ts ,  

Improvement of the thrust  efficiency requires 

var ious techniques have  been under development 
at McDonnell under NASA contracts  NAS8-2519 
and N.4S3-3562 for measuring the  performance and 
exhaust. j e t  character is t ics .  Initially, the  work of 
the  present  contract ,  NAS3-5758, was  to concen- 
t ra te  on measuring the  performance and ex i t  plane 
charac te r i s t ics  of three  arc-jets: a radiation- 
cooled,  a regeneratively-cooled, and a magneto- 
plasmadynamic (MPD) device.  Since leakage  dif- 
f icul t ies  were encountered with the  radiation- 
cooled arc-jet ear ly  in the  program, a water-cooled 
arc- je t  having a similar internal configuration w a s  
subst i tuted.  

I t  is anticipated tha t  the development of reli- 
ab le  measurement techniques,  application of these  
techniques to determining the performance char- 
ac te r i s t ics  of the three types  of arc- je ts ,  and an  
ana lys i s  and comparison of t h e s e  r e su l t s  will al- 
low a better understanding of the  thrust  producing 
mechanism and lead to the  des ign  of dev ices  hav- 
ing  improved performance character is t ics .  

i Report E368 - March 1966 MCDONNELL 1 



2 Arc-iet thrustors 

4.5 - 5.5 

3.6 - 4.5 

3.5 - 4.5 

Four c1 Fferent types of arc-jet  thrustors were 
used in th i s  work: radiation-cooled, water-cooled 
regeneratively-cooled, and magnetoplasmadynamic 
(MPD). Tab1 e 2.1 identifies t he  specif ic  arc-jets 
on which performance and exhaus t  j e t  measure- 
ments were performed. 

2.1 Radiation-cooled arc-  jets 

Performance measurements were obtained on 
three radiation-cooled a rc- je t s  (NAS-1, MAC-2 
and MAC-3). T h e  arc-jets had t h e  s a m e  general  

Velocity, radiation power loss 

Ex i t  plane mass flux, impact 
pressure, velocity profi les 

Thrust, ex i t  plane impact pressure, 
stagnation enthalpy, exci tat ion 
temperature profi les and electron 
densities 

Table 2.1 Identification of arc-jets used in  experimental program 

Water 

Arc-jet 

NAS- 1 

MAC-2 

MAC-3 

~ ~ 

Magnetoplasma- 30 - 86 
dynamic 

MAC-4 

MAC-5 

MAC-7 

GSC-2 

MAC-X-' 

Power 
Nozzle range 
cooling tested 

Radiation I constr icted arc I 6 - 30 

Radiation I Constricted arc I 6 - 30 

Water 

Water 

I arc 

I 
Mass f low rate 
range tested 

(Ib/sec) x 10-4 
Measurements performed 

4.5 - 6.5 I Thrust, radiation power loss 

4.5 - 5.5 I Thrust 

3.6 - 4.5 

7.35 

Nozzle s ta t i c  pressure, electron 
density 

Thrust, ex i t  plane mass flux, 
impact pressure, velocity, s t i g -  
nation enthalpy exci tat ion 
temperature profi les 

1.32 - 0 Thrust I 
I 

Note 1 - Arc-jets designated MAC-2,3,4,5, and 7 were designed and fabricated by McDonnell. 
Note 2 - Arc-jets designated NAS-1 and GSC-2 were received from NASA Lewis Research Center. 

Ref. 
Fig. 

2.1 
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A RC-J E T TH R U STO R S 

NAS-1 

MAC-ZB3 

configuration (constricted arc) as shown in  Fig. 
2.1. However, the NAS-1 thrustor had a smaller 
constrictor diameter. The cylindrical cathode is 
thoriated tungsten and is electrically isolated 
from the anode by a boron nitride spacer. The 
inner contour of the anode nozzle includes an arc 
chamber, a short constrictor, and a divergent sec- 
tion. The propellant enters the arc chamber 
through four 0.040 inch diameter holes drilled 
tangentially through the arc chamber wall at an 
angle of 20' i n  the axial direction. The radial 
pressure gradient created by the tangential i n -  
jeclion of the propellant stabilizes the arc and 
provides sufficient cooling to prevent constric- 
tor erosion. 

D D, De, Lc a 
1.875 0.150 1.500 0.300 15' 

1.875 0.250 1.500 0.500 15' 

Boron n i t r i de  
insu lator  ,-Hanger /-Constrictor 

'X  

Tungsten 
nozz le  

Note:  A l l  d imensions are i n  inches 

admitted to the plenum through an inlet stem and 
passes through the injection holes into the arc 
chamber. 

Difficulties were encountered with both of 
these arc-jets due to propellant leakage at the 
tungsten-molybdenum braze joint and propellant 
inlet stem after several hours of operating time. 
Attempts to obtain a reliable seal with this con- 
figuration were unsuccessful. 

radiation cooled thrustors, exit plane measure- 
ments originally scheduled for this thrustor were 
made on a water-cooled arc-jet. 

In view of the sealing difficulties with these 

2.2 Water-cooled arc-iet 

Figure 2.2 presents the nozzle configuration 
for the water-cooled arc-jet of the constricted arc 
design. The cathode assembly for this unit was 
the same as for the radiation-cooled arc-jet. The 
internal dimensions of the nozzle contour was 
identical to the MAC-2 arc-jet (Fig. 2.1). The 
three arc-jets of this configuration were designated 
MAC-4, MAC-5, and MAC-7. Figure 2.3 is a 
photograph of the water-cooled arc-jet components. 

2.3 Regeneratively-cooled arc-jet 

Fig.  2.1 Radiation-cooled 30 kW arc-jet 

The necessity of tangential injection for 
stable operation required a two component 
anode; a thoriated tungsten nozzle section and 
a molybdenum end cap form a plenum surrounding 
the arc chamber. The hydrogen propellant i s  

Experimental measurements were made on a 
regeneratively-cooled arc-jet of the semi-constrict- 
ed arc design. Figure 2.4 presents a sketch of 
this thrustor configuration. Two arc-jets units 
(designated GSC-1, and GSC-2) were used i n  the 
experimental program. The first unit (GSC-l), 
purchased from the Giannini Scientific Corpora- 
tion, developed a gas leak at the braze joint 
near the thrustor exit plane after approximately 

Report E368 . March 1966 MCDONNELL 
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ARC-JET THRUSTORS 

Cathode holder  
( s t a  in less stee I) 

Hanger  

molybdenum 

___.- 

Cathode Propel lan t  Water Water 
0 1 insu la tor  inlet  in le t  out  let - (boron ni t r ide)  

Scale - i n c h e s  

Fig. 2.2 Water-cooled arc-jet (MAC-5) 

F ig  . 2.3 Water-cooled arc- jet components 

2.4 hour s  of test time. Cont inued operat ion of 
t h i s  a rc - je t  proved er ra t ic  and inspec t ion  of t h e  

Anode 
n o z z l e  

(copper)  

un i t  upon d i sa s sembly  revea led  tha t  t h e  boron 
n i t r ide  insu la tor  surrounding t h e  ca thode  had 
failed.  

-4 second regenerat ively-cooled thrustor,  
made by Giannini,  rece ived  from t h e  NASA L e w i s  
Resea rch  Center  w a s  des igna ted  GSC-2 and w a s  
used  for t h e  remainder  of t h e  program. T h i s  unit, 
operated sa t i s fac tor i ly .  -4 report  of the  develop-  
ment of the  regenera t ive ly  30 kW arc- je t  i s  pre- 
s en ted  in Ref. 1. 

compared to t h e  cons t r ic ted  a rc  des ign  a r e  the  
method of nozz le  cool ing  and t h e  a rc  chamber con-  
figuration. T h i s  a rc  chamber is des igned  such  
t h a t  t h e  arc a t tachment  region is within t h e  arc 
chamber  and d o e s  not  p a s s  i n t o  the  d ivergent  
region. 

T a b l e  2.2 p re sen t s  t h e  d imens ions  of the  
GSC-2 thrus tor  configuration. 

T h e  s ign i f i can t  d i f fe rences  of t h i s  des ign  as 

R e p ~ r t  E368 . March 7966 MCDONNELL 5 



ARC-JET THRUSTORS 

F ig .  2.4 Regeneratively cooled arc-jet (GSC-1, GSC-2) 

2.4 MPD arc-jei 

T h e  MPD arc-jet i s  shown in Fig.  2.5. This  
thrustor is a laboratory device  incorporating a 
water-cooled tungsten cathode,  copper nozzle ,  
and copper anode. The throat diameter is 0.5 

Table 2.2 Dimensions of regeneratively-cooled 

arc-jet (GSC-2) 

Arc chamber diameter ( inlet)  

Arc chamber diameter (maximum) 

Arc chamber length (nominal) 

N o z z l e  throat diameter 

N o z z l e  cone half-angle 

N o z z l e  area rot io  

Cathode-anode gap (minimum) 

Cathode t ip  angle (total)  

- 

0.250 in.  

0.312 in.  

1.125 in.  

0.187 in .  

15O 

60: 1 

0.060 in.  

60° 

0 1 
u 

Scale - inches 

inches  and the e x i t  a rea  rat io  is 19.8. T h e  e s s e n -  
tial features  of t h i s  arc-jet  a re  (a) cool ing pas-  
sages designed for high hea t  t ransfer  r a t e s ,  (b) 
var iable  gas injection ports to determine the ef- 
fect of gas injection angle  on thrustor perform- 
ance ,  (c)  isolated anode so tha t  the  ra t io  of 
anode current col lect ing diameter to cathode arc 
diameter  would b e  as large as possible .  T h i s  
enhances  the thrust  contribution d u e  to the  in- 
duced magnetic field - arc  current interaction 
sometimes referred to as the  “self-blowing 
interaction.’’ 

2.5 Arc- jet test facilities 

T h e  subsys tems necessary  for hydrogen arc- 
j e t  operation include e lec t r ica l  power suppl ies ,  a 

Report E368 . Morch 1966 6 MCDONNELL 



ARC-JET T H R U S T O R S  

Cooling water inlet 

Gas inlet 

Water 

Chamber pressure 

outlet 

0 1 

Scale  - inches  

Fig. 2.5 MPD arc-jet (X-1) 

vacuum sys tem,  instrumentation, and propellant 
supply system. 

t h o s e  performed on t h e  MPD arc- je t  were conduct- 
e d  using a 60 kW Miller ( type SR 1500 F-1, 
s p e c i a l )  as t h e  electrical supply for the  arc load. 
T h i s  power supply  h a s  a three phase  full-wave 
rectifier with sa turab le  reactor current control 
providing the  necessary  drooping output character-  
i s t ic .  To obtain the minimum sparking potential  
of hydrogen, a 400 vol t  open circui t  voltage w a s  
used .  

Power  supplies - All arc-jet  tests except  

A o n e  megawatt A.O. Smith power unit  w a s  
used for t h e  MPD arc-jet tests s i n c e  t h e  operating 
power of t h i s  jet was  above the  capaci ty  of t h e  
Miller unit. T h e  one  megawatt unit  i s  also three 
phase,  full  rectified with saturable  reactor current 
control. 

Vacuum systems - Two vacuum s y s t e m s  
were employed in the  experimental program. T h e  
tests performed on the NAS-1, MAC-2, MAC-4, 
MAC-5, and MPD arc-jets were conducted in  a 
mechanical vacuum system, cons is t ing  of two 
mechanical booster assemblies ,  a holding pump, 
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ARC-JET TH RUSTORS 

four 16 inch diameter oil  booster pumps, and 
other valving, fillers and piping. T h i s  sys tem 
h a s  a pumping capacity of 4 x 
drogen at 0.4 torr. A two s tage  h e a t  exchanger 
cons is t ing  of water and liquid nitrogen baff les  
was  located in the vacuum tank to protect the  
pumping sys tem and improve the pumping char- 
ac te r i s t ics .  F i v e  different test s i t e s  were used 
for t h e  diagnost ic  and performance tests to bet ter  
ut i l ize  the  vacuum system. 

T h e  GSC-2 arc-jet tests were performed in a 
6-foot diameter steam ejector  vacuum system. 
T h i s  sys tem was  capable of maintaining the back- 
ground pressure of hydrogen at 0.2 torr at a flow 
rate  of 7.35 x lb/sec.  

hydrogen arc- je ts  and vacuum sys tem was  designed 
to measure the parameters shown in T a b l e  2.3.  
All electrical s ignals  were contin uously recorded 

lb / sec  of hy- 

Instrumentation - T h e  instrumentation of the  

Table  2.3 Description of instrumentation 

Parameter 

Power 
input 

Propel lant  
f low ra te  

Power 
loss 

System 
pressures 

8 

Measurement 

Arc voltage 

Arc current 

Flowmeter 
pressure 

Flowmeter 
temperature 

In le t  and outlet 
cooling water 
temperature (8) 
Cool ing water 
f low rotes (3) 
Swirl chamber 

Arc chamber 

Ambient 

exhaust* 
(vacuum) 

N o z z l e  
(stat ic)  

~~ 

Method of measurement 

D.C. Voltmeter and osci l lo-  
graph recording o f  voltage 
divider network 

D.C. Ammeter.and osci  tlo- 
graph recording of 50 mV 
shunt output 

Bourdon gauge and osci l lo-  
graph recording of  trans- 
ducer output 

Oscillograph recording of 
copperconstantan thermo- 
couples 

Oscillograph recording of  
copperconstantan thermo- 
couples 

Rotameter" f low meters 4 1  

Bourdon and aneroid gauges 

Aneroid gauge and osci l lo-  
graph recording of trons- 
ducer output 

Aneroid gauge, thermopile 
gauge, ionizat ion gauge, and 

oscillograph recordings of 

on ionizat ion gauge output 

Aneroid gauge and thermo- 
p i le  vacuum gauge 

on a direct  print oscil lograph at a paper speed  of 
0.25 inches per second.  

Propel lant  supply to the thrustors from e ight  
2000 psi  s torage bot t les  was  manifolded and regu- 
lated to 7 5  ps i  supply pressure.  T h e  flow was  
then throttled by a needle  valve into a sonic  
nozzle  flowmeter. T h e  stagnation pressure up- 
stream of the flowmeter w a s  used in conjunction 
with precision cal ibrat ions to set the  mass flow 
rate.  

T h e  arc-jet  cooling water w a s  supplied con- 
t inuously at a constant  head of 200 ps i  by a tur- 
bine water pump. 

2.6 lest procedure 

Prior  to s tar t ing the  arc-jet, the  test sect ion 
and arc  chamber were evacuated and purged with 
an iner t  g a s .  Hydrogen was then introduced into 
t h e  arc chamber until t h e  pressure exceeded 50 
torr at which t ime an  open circui t  voltage of 400 
vol ts  was applied across  the electrodes of the  
arc- j et. 

T h e  hydrogen flow was  then stopped. When 
t h e  arc chamber pressure fell  to approximately 2 
torr,  t h e  arc  ini t ia ted,  a t  which t ime t h e  hydrogen 
flow was  ini t ia ted,  thus  s tab i l iz ing  the arc.  T h e  
desired operating condition w a s  then set by ad- 
jus t ing  ei ther  the  hydrogen flow and/or the supply 
current. Visual  observat ions were made during 
operation to insure proper expansion of the g a s  in 
t h e  nozzle .  

During the  test a continuous oscil lograph 
recording w a s  made of a l l  operating parameters 
except  the  cool ing water flow-rate. When a tes t .  
w a s  made using a diagnost ic  device ,  the water 
flow ra te  and many of the  same operation param- 
e t e r s  being recorded on the oscil lograph were 
read and recorded. 

Normal s h u t  down consis ted of turning off 
t h e  power supply,  then the hydrogen flow fol- 
lowed b y  an inert  gas purge of the vacuum s y s -  
tem. 
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I 3 Arc-jet performance measurements 

Arc - i et 

T h r u s t  (Ib) 
Speci f ic  impulse (sec) 

Thrust  e f f ic iency (%) 

Power input (kW) 
A r c  vol tage (volts) 

Arc  current (amps) 

( Ib/sec) x 10- 
Propel lant  f low rate  

4 

Performance and operating d a t a  obtained for 

T h e  measurement of the  arc-jet  thrust ,  com- 
t h e  arc-jets are summarized in T a b l e  3.1. 

bined with t h e  propellant mass flow-rate, and 
power input is sufficient to define the  performance 
of the  arc-jet. T h e  specif ic  impulse is obtained 
from the  relation. 

~ T 
I Isp = - (1) 
I m 

where I = specific impulse ( sec)  SP 
T = thrust  (lb) 

rn = propellant m a s s  flow-rate ( lb/sec)  

T h e  thrus t  efficiency of the  arc-jet  is t h e  
rat io  of kinetic thrust  power to input power and is 
given by 

NAS-1 MAC-2 

0.22-0.43 0.21-0.40 
380-970 380-800 
21 .a-24.a 17.8-23.8 
60- 35.7 6.0-30.0 
152-25 1 126-190 
34-21 1 33- 1 99 
3.5-5.5 3.5-5.5 

T2 
7PThrust = 0.0218 - 

'IN m 

where qThrust = thrust  efficiency 

PIN = power input (kW) 

T h e  power input is calculated from 

PIN = IV x 10-3 

where I = arc  current (amps) 

V = arc  vol tage (volts)  

T h e  arc-jet  thrust  measurements were obtained 
with two thrust  s t a n d s  which a re  descr ibed in  Ap- 
pendix A. 

Table 3.1 Arc-iet performance and operating ranges 

51 0- 1 120 
22.3-26.6 
10.3-50.7 
131-148 
33-378 
3.6-4.5 

~ 

GSC-2 

0.71 3 
970 
52.6 
30.5 
212 
141 
7.35 

MAC-X-1 

1 140-22ao 

35- 1 oa 
10.6-1 7.5 

85-96 
300-1200 f 0- 1.32 
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ARC-JET P E R F O R M A N C E  M E A S U R E M E N T S  

3.1 Performance of  radiation-cooled arc-jets 

0.40- 
h n 
E 0 . 3 5 -  
c 
ul 
2 
f 0.30 

0.25 
0- 

NAS-1 Radiat ion-cooled arc- je t  

18 

2 1 6  

2 14 

1 2  

r 
c 
v) 

- r 
I- 

- 

Thrust  - Figure 3.1 (a) shows the thrust 
characteristics of the NAS-1 arc-jet. The 
cathode gap was 0.130 inch and the constrictor 
section had a 0.060 inch radius at the inlet. The 
cathode gap distance is determined by extending 
the cathode forward until i t  seats against the 
constrictor inlet and then retracting at a meas- 
ured length. Three representative flow rates 
were chosen and the power varied over the oper- 
ating range of the arc-jet. The data are repro- 
ducible to within 5% over the series of three 
tests. Figures 3.1 (b) and 3.2 are cross plots 
showing thrust and specific impulse as a func- 
tion of propellant flow rate. The thrust effi- 
ciency for this arc-jet as a function of power 
input is shown in  Fig. 3.3 .  

E l e c t r i c a l  character ist ics - Figure 3.4 pre- 
sents the arc voltage - current dependence for 
various propellant flow rates as measured on the 
NAS-1 arc-jet. The typical arc negative resist- 
ance characteristic is apparent. For the 100 to 
200 amp current range the voltage decreases in 
a linear manner. 

Arc chamber pressure - The pressure in  
the arc chamber was measured at a position adja- 
cent to the cathode and at the rear of the arc 
chamber. The data were obtained during the 
thrust measurements and are plotted in  Fig. 3.5. 
As shown the chamber pressure increases 
approximately, linearly with power input. 

ation calorimeter used to measure arc efficiency, 
which is defined as the ratio of input power minus  
the power radiated from the arc-jet to the input 
power. The calorimeter is a double-walled water- 
cooled copper cylinder that completely encloses 
the thrustor except at the exit plane. The arc ef- 
ficiencies as measured on the NAS-1 thrustor are 
presented i n  Fig. 3.7. For the power range tested 

Arc e f f i c i e n c y  - Figure 3.6 shows the radi- 

0-45- 

0.40- 
h 

s 
'0.35 c 
v) 
a 

-c 
L 

I- 0.30- 

20 

200 

180 
n c 

? 
- 2 160 

140 
c ul 

I- 

Run No. 
1 - N A S l  - TS 
2 - N A S I  - TS 
3 - N A S l  - TS 
4 - N A S l  - TS 
5 - N A S l  - TS 

C 

1 1 q3.5: 1074 I 
18 20 22 24 26 28 30 32 34 

Power input (kW) 
(a 1 

F ig .  3.1 Thrust characteristics of NAS-1 
radiation-cooled thrustor 

the arc efficiency ranges from 90 to 98%, with the 
highest efficiencies recorded at the highest mass 
flow rates. 

MCDONNELL 
10 

~ ~ 
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ARC-JET P E R F O R M A N C E  M E A S U R E M E N T S  

Propei /ant fiow rate (!b/sec) 

Fig. 3.2 Specific impulse characteristics of NAS-1 
radiation cooled thrustor 

1 - NAS-1 TS 
2 - NAS-1 TS 
3 - NAS-1 TS 

0 3.5 x Ib/sec ~ 

18 20 22 24 26 28 30 32 34 
0.20 

Power input (kW) 

Fig. 3.3 Thrust efficiency of NAS-1 
rad iat iontoolcd arc -jet 
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t - ; 170 

!? 
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Mass f l o w  ra te  A 4.5 x 1 0-4 Ib/sec 
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Arc current (amps) 

Fig.  3.4 Electrical characteristics of NAS-1 
radiation-cooled arc-jet 

I I 

A 4.5 x Ib/sec 

v 5.5 x I b l s e c  0 .4.0 x Ib/sec 

Mass f l o w  ra te  

1100 

-1000 
0' 

E 900 

L 

t Y 

3 
m 
m al & 800 
f n 5 700 
L 
U 

600 

500 
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Power input (kW) 

F ig .  3.5 Arc chamber pressure on NAS-1 
rad iati  on-cooled arc- jet 
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ARC-JET PERFORMANCE MEASUREMENTS 

* 
Y 

F i g .  3.6 NAS-1 radiation-cooled arc- jet  with and 
without calorimeter 

1 
h + 
C 
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v 
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al 
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.- 
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95 
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4q 80 
5 10 15 20 25 3 0  35 40 

Power input (kV) 

F i g .  3.7 Arc eff iciency of NAS-1 radiation-cooled arc- jet  

MAC-2, MAC-3 Radiation-cooled arc-jets 

T h r u s t  - The thrust characteristics of the 
MAC-2 radiation-cooled arc-jet are presented in  
Fig. 3.8 (a) for an electrode gap of 0.300 inches. 
Thrust levels are lower for this arc-jet than the 
NAS-1 at comparable operating conditions. Fig- 
ures 3.8 (b) and 3.9 show the specific impulse 
characteristics of this arc-jet as a function of 
mass flow and power input. The thrust efficiency 
is plotted in Fig. 3.10 and the data are lower than 
the NAS-1 efficiencies by approximately 1 to 2% 
over the range tested. 

i ' Run No. 1 " f A  1 1 1 \- 9 - M A C 2 - T S  
12 - MAC2 - TS 

OL 'lib 1'8 20 212 24 26 28 i0 
Power input (kW) 

(a 1 

Propellant flow rate (Ib/sec) 

(b) 

Fig .  3.8 Thrust  characteristics of MAC-2 
radiation-cooled thrustor 
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ARC -JET P E R F O R M A N C E  M E A S U R E M E N T S  

Mass f low rate 

Run No. o 4.5 x Ib/sec 

9 - M A C 2 -  TS 4.0 x Ib/sec 

v 3.5 x Ib/sec 12 - MAC 2 - TS 

12-MAC 2 - TS 1 
0 1 I I 

3 -5 4 .O 4.5 5.0 5.5 

Propellant flow rate (Ib/sec) 

Fig. 3.9 Specific impulse characteristics of MAC-2 
radiation-cooled thrust or 

v 5.5 x Ib/sec 

A 5.0 x Ib/sec 

0 4.5 x Ib/sec 

0 4.0 x lb/sec 

0.17 
14 16 18 20 22 24 26 za 30 

Power input (kW) 

F i g .  3.10 Thrust efficiency of MAC-2 
radiation-cooled arc-jet 

E l e c t r i c a l  character is t ics  - T h e  arc  voltage- 
current re la t ionship for t h e  MAC-2 arc-jet i s  pre- 
sen ted  in Fig.  3.11. T h e  general  dependence of 
vol tage with current is similar to the NAS-1 
thrustor;  however, the  vol tages  a r e  lower by ap- 

160 
c - 
0 
> 
0 
0 
0 

- 150 

c - 
0 140 

: 
4 130 

> 

120 
0 4 0  80 120 160 200 240 280 

Arc current (amps) 

F ig .  3.11 Electrical characteristics of MAC-2 
radiation-cooled arc- je t  

proximately 15 vol ts  at a given current and m a s s  
flow rate. T h e  lower voltage is d u e  to t h e  de- 
c reased  chamber pressure resul t ing from t h e  larger 
throat  diameter. 

t h e  variation of arc  chamber pressure with arc  
input power and propellant m a s s  flow rate.  A s  
pointed out above, t h e  pressures  a r e  lower than 
t h e  NAS-1 arc-jet  by approximately 415 torr at  
30 kW. 

Arc ef f ic iency - Fai lure  of t h e  main braze 
joint  of the MAC-2 arc-jet occurred before cal-  
orimeter measurements could be obtained. How- 
ever ,  measurements were obtained on t h e  MAC-3 
radiation-cooled unit which was  ident ical  in  de-  
s ign and confifuration. T h e  electr ical  and arc  
chamber character is t ic  of t h e s e  two arc-jets were 
within 1% of each  other. Figure 3.13 is a plot of 
the  MAC-3 arc  efficiency versus  power input. 

T h e  arc efficiency of the MAC-2 and -3 con- 
figurations i s  approximately 3 to 5% lower than t h e  
NAS-1 configuration and as such  may account for 
t h e  difference in thrust  eff ic iencies  for t h e s e  two 
arc-jets.  T h e  greater power l o s s  by radiation is 

Arc chamber pressure - Figure 3.12 shows 
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ARC-J E T  PER FORM ANCE MEASUREMENTS 

500 

Run no, 

0.300 inch  cathode gap 

Mass  f low ra te  

9 - MAC-2 - TS 4.5 x Ib /sec 

12 - MAC-2 - TS A 4.0 x Ib /sec 

o 3.5 x Ib/sec 

Power input (kW)  

Fig.  3.12 Arc chamber pressure on MAC-2 
radiation-cooled arc-jet 
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95 
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80 

5 
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Fig .  3.13 Arc efficiency of MAC-3 
radiation-cooled arc-jet 

d u e  to the somewhat larger surface area exposed 
to the plasma and the larger current levels which 
are required at a given power level. The anode 

loss which is due to condensation of electrons at 
the anode surface is proportional to the current 
level. 

3.2 Performance of  water-cooled 
arc- ie ts 

Three water-cooled arc-jets were fabricated 
which had the identical internal configuration as  
the MAC-2 and -3 radiation-cooled arc-jets. 
These water-cooled arc-jets were designated 
MAC-4, MAC-5 and MAC-7. 

function of input power and hydrogen flow rate for 
the MAC-5 arc-jet. The cathode gap for these 
tests was 0.300 inches. Three flow rates were 

Thrust  - Figure 3.14 (a) shows the thrust as  a 

+ V  57-MAC 5-TS 

110 

I 
A 59-MAC 5-TS 

0.20 

14 MCDONNELL 

' r ' A 52-MAC 5-TS 1 

1 ' o 55-MAC 5-TS 

1 b56-MAC5-TS I 

10 14 18 22 26 30 34 38 42 46 

Power input (kW)  

Fig.  3.14(a) Thrust characteristics 

of MAC-5 water-cooled thrustor 
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chosen and t h e  power was varied over the  oper- 
a t ing range. Figure 3.14 (b) is a plot of t h e  thrust  
as a function of hydrogen flow ra te  and i s  obtained 
by a c r o s s  plot of Fig.  3.14 (a). Specific impulse 
character is t ics  a re  presented in Fig.  3.15 as a 
function of input power and flow rate. 

12G L l  I 
1 Run Nd. 60 - MAC5 - TS I I 

~ 

I I , 

.2 1 

3.3 3.5 3.7 3.9 4.1 4.3 4.5 4~~ 

Hydrosen mass flow rate (Ib/secI 

F i g .  3.14(b) Thrust characteristics 
of MAC-5 water-cooled thrustor 

I I 

I I I I 
Run No. 60 - MAC5 - $S 1 

Comparison of the thrust  efficiency d a t a  
(Fig.  3.16) with tha t  obtained on the  MAC-2 arc- 
jet ind ica tes  t h e  water-cooled arc-jet  performance 
i s  sl ightly higher than the radiation-cooled version. 
T h i s  resu l t  i s  in contrast  with the  resu l t s  reported 
in Ref.  2 wherein i t  i s  concluded tha t  the  thrust  
eff ic iency w a s  a strong function of the nozzle  wal l  
temperature. 

E l e c t r i c a l  character is t ics  - Figure 3.17 pre- 
s e n t s  the  arc voltage-current character is t ics  for the 
MAC-5. T h e  voltages are  lower than the MAC-2 
radiation-cooled arc-jet at comparable operating 

A RC -J E T  PE RFORM ANCE ME AS U R E M  E N  TS 

Power input 

Run No. 60 - MAC5 - TS 

Hydrogen mass flow rate (Ib/sec) 

F i g .  3.15 Specific impulse characteristics of MAC-5 
water-cooied thrustor 
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10 14 18 22 26 30 34 38 42 
Power input (kW) 

Fig.  3.16 Thrust efficiency characteristics for 
MAC-5 arc-jet 

conditions and is most probably due  to the de- 
creased arc  chamber pressure for t h e  water-cooled 
unit. T h e  electr ical  character is t ics  of the MAC-4 
and MAC-7 arc-jets were simi lar to t h e  MAC-5 
curves and were within t3% of each  other for the  
full range of conditions tes ted.  

sure  - power input relation (Fig.  3.18) for the 
MAC-5 arc-jet  is approximately l inear  for t h e  10 

Arc chamber pressure - T h e  arc chamber pres- 

15 



ARC-JET PERFORMANCE MEASUREMENTS 

0.300 inch cathode gap 

Mass f low rate Run No.  
52 - MAC5 - TS o 4.5 x Ib/sec 

53 - MAC5 - TS o 4.0 x Ib/sec 

57 - MAC5 - TS A 3.6 x Ib/sec 
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Arc current (amps) 

Fig.  3.17 Electrical characteristics of MAC-5 
water-cooled arc-jet 
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F ig .  3.18 Arc chamber pressure on MAC-5 
water-cooled arc-jet 

to 42 kW power range. The magnitude of the pres- 
sures is lower than the MAC-2 radiation-cooled 
arc-jet by approximately 102 torr at the 30 kW 

level. The chamber pressure relations for the 
MAC-4 and MAC-7 arc-jet were within 3% of the 
MAC-5 data. 

Arc ef f ic iency - Figure 3.19 presents the 
arc efficiency for the MAC-5 arc-jet. The arc 
efficiency is the ratio of the power input m i n u s  the 
power losses transferred to the nozzle cooling 
water to the power input. The efficiency shows 
only a slight dependence on propellant mass flow 
rate and is 9 to 13% lower than the MAC-2 radi- 
ation arc-jet. Since the arc efficiency is lower 
for the water-cooled configuration, the conversion 
of thermal energy to kinetic energy must be more 
efficient in the water-cooled unit for t.he overall 
thrust efficiency was higher on this unit than on 
the radiation arc-jet. 

.v- 75 
Y Y 

0 

25 30 35 40 45 

Power input (kW) 
15 

F ig .  3.19 Arc efficiency of MAC-5 
water-cooled arc-jet 

3.3 Performance of regeneratively- 
cooled arc-iets 

A l l  tests on the regeneratively-cooled thrustor 
GSC-2 were conducted at a nominal operating con- 
dition of 1000 sec specific impulse and power in-  
put of 30 kW. Three tests of the GSC-2 arc-jet 
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A R C - J E T  P E R F O R M A N C E  M E A S U R E M E N T S  

Power input (kW) 

Arc voltage (volt)  

Arc current (amp) 

I 

were made on t h e  hkDonnell  thrust  s tand to com- 
pare the  thrust  measurements made at the Giannini 
Scientific Corpora ti on. 

at the  30 kW, 7.35 x 
tion during t h e s e  three tests. T h e  average of t h e s e  
da ta  was  0.708 lb  with an average deviation of 
t0.004 lb. 

tha t  measured by Giannini is presented in Table  
3.2. 

A total  of 15 thrust  measurements were made 
lb / sec  operating condi- 

A comparison of thrust  readings obtained with 

A typical set of operating parameters obtained 
during the ini t ia l  tests of t h i s  thrustor is present- 
e d  in T a b l e  3.3. 

Continued operation of th i s  th r i l shr  conduct- 
e d  for e x i t  plane measurements resulted in an in- 
c reas ing  voltage characterist ic.  After approx- 
imately 32 hours of operation the parameters of 
T a b l e  3.3 were measured. 

I 

30.9 30.4 

212 232 

146 131 

T h e  increasing voltage trend w a s  a l s o  ob- 
served during the  500 hour l ifetime test of th i s  
thrustor configuration (Ref. 3). 

T e s t e d  

by 

MAC 

MAC 

GSC 

GSC 

Table  3.3 Effect of run time on operating parameters 

Thrust  measurement 

Power Hydrogen Tank F Specif ic Thrust 

input f low rate pressure 

(kW) I ( Ib /secj  (torr) 
impulse ef f ic iency (PeAe*)  Reading Total 

(Ib) (W) (Ib) 1 (Ib) 

i 
I 

o 7.35 x 1 ~ - 4 1  0.22 0.005 0.198 0.203 

30.0 7.35 x10-4 0.22 o,oo5 i 0.708 0.713 970 50.3 
._____ - 

o 7.30 x 1 ~ - 4  0.90 0.020 0.180 0.200 

30.0 7.30 x ~ O - ~  0.65 0.0 13 0.714 0.727 996 52.6 

After 32 hours 
In i t ia l  test  

Hydrogen mass f low 

ra te  ( Ib/sec) 
7.35 10-4 I 7.37 10-4 I 

I 959 I 984 1 Arc chamber pressure 
(torr) 

Table 3.2 Comparison of McDonneII and Giannini thrust and 

specific impulse data on GSC-2 arc-jet 

* P e A e  = Includes correction for f in i te  background pressure 
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ARC-JET PERFORMANCE MEASUREMENTS . 

3.4 Performance of MPD arc-jet 

Thrust  - Preliminary performance measure- 
ments on the MPD arc-jet (Fig.  2.5) were obtained 
during this program. 

The  first t e s t s  of the MPD arc-jet were  made 
w i t h  a 6 turn water-cooled solenoid mounted 
around the anode. This coil  had a nominal diam- 
eter of 6.5 inches and was connected i n  s e r i e s  
with the arc discharge.  Figure 3.20 presents  the 
thrust  versus  power input of this configuration for 
a constant  mass  flow of 1.32 x lo-* lb / sec .  

~. 

Hydrogen f low ra te  1.32 x Ib/sec 
T a n k  pressure 88  x torr  

- 6-turn anode solenoid 
- 18-turn anode solenoid 
- 18-turn iso la ted  anode tes t  

0.30r 140( 
I 

0 . 2 5 ,  . 1201 
1- 

h /;loo a 
c 0 . 2 0 1  v b, 
+ 
'", I . +  80 

0 . 1 5 F  6o 
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J 

I l l  1 126 - XI  - TS 

155 - XI  - T S  
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Power i n p u t  (kW) 

F ig .  3.20 Thrust characteristics of MPD arc-jet 

To increase the specif ic  impulse for a given 
power input the anode was redesigned to accept  
a larger solenoid.  The internal geometry of the 
anode was held constant and the outs ide diameter 
of the anode was reduced to accommodate an 18 
turn coil of 3 inches inner  diameter and 7.5 inches 
outer diameter. A s  before, the solenoid was con- 
nected i n  series with the  arc discharge.  

The  second t e s t  was conducted with the 18 
turn solenoid at  a mass flow of 1.32 x 10- 4 

18 

- 

lb / sec .  The  resu l t s  of th i s  t e s t  are a l so  plotted on 
Fig. 3.20. The  thrust values obtained on this t e s t  
are approximately 15% higher than the first  t e s t  
indicating an increased interaction with the so le -  
noid field.  These  t e s t s  were conducted with the  
anode and throat sect ion i n  e lectr ical  contact. 
Visual observation indicated that  the arc termi- 
nated i n  a region jus t  beyond the throat. 

solenoid was conducted during which the anode 
was isolated from the throat sect ion.  This  was 
done to increase  the arc attachment radius from 
0.25 inches to approximately 1.0 inch. This  
change should produce a s ignif icant  increase  in 
thrust  if the predominant thrust mechanism is an 
interaction of the arc current with i t s  own mag- 
netic field. This  interaction is a function of the 
ratio of the anode to  cathode arc radius .  The  

4 mass flow rate for th i s  t e s t  was s e t  a t  1.32 x 10- 
lb / sec  and the power was varied from 60 to 86 kW. 
The  arc discharge was slightly unstable  a t  cur- 
rents  above 600 amps. The  three thrust  meas- 
urements obtained on this t e s t  are plotted on Fig.  
3 .21 and fall essent ia l ly  on the non-isolated 
anode thrust curve. 

A t e s t  of the hlPD arc-jet with the 18 turn 

Zero mass f low rate t e s t  - A t e s t  was made 
on the MPD arc-jet  with the 18 turn solenoid,  
during which the propellant mass flow rate was 
slowly reduced from 1.32 x lb / sec  to a zero 
mass  flow condition. The  radiation from the ex- 
haust  plane was character is t ic  of hydrogen a t  a l l  
flow ra tes  except  the zero flow condition. At 
zero flow, the plane decreased considerably and 
the radiation changed to a bluish-white color. T h e  
discharge was s t ab le  with zero flow and the t e s t  
was terminated af ter  5 minutes a t  th i s  condition. 
Inspection of the arc-jet  after th i s  t e s t  revealed 
a coat ing of  tungsten on the nozzle  surface.  The  
tungsten cathode was v i s ib ly  eroded and had a 
reduction in weight of 0. 863 g. Assuming no 
weight l o s s  before  the zero flow condition the 
tangsten flow rate was 0.0029 g,'sc>c. 

T h e  MPD arc-jet  performance da ta  are con- 
s idered preliminary a s  a resu l t  of the large tare 
force encountered between the vacuum chamber 
and the applied magnetic field. (Appendix A )  
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4 Nozzle exit plane measurements 

GSC-2 

7.35 

30 

14 1 

212 

960 

0.713 

970 

52.6 

hleasurement of the  properties of the  exhaust  
stream at the nozzle  ex i t  plane of the  arc-jet will 
allow a determination of the  magnitude of power 
l o s s e s  in the conversion of electr ical  to kinetic 
thrust  power. Knowledge of the ex i t  plane flow 
properties should a l s o  provide quali tative infor- 
mation reflecting the flow phenomena in  the arc  
chamber region. 

Table  4.1 summarizes t h e  measurements of 
m a s s  flux, impact pressure,  stagnation enthalpy, 
velocity,  and excitation temperature made near 
the nozzle  ex i t  plane (approximately 0.015 to 
0.040 inches downstream) on the  regeneratively- 
cooled (GSC-2) arc-jet  and the water-cooled 
(MAC-4, MAC-5) arc-jet. Estimates of the elec-  
tron concentration were obtained on the water- 
cooled (MAC-7) arc-jet. 

MAC-4, MAC-5, MAC-7 

3.6 4.0 

20 25 30 35 20 25 30 35 

144 183 222 261 139 176 215 254 

139 136 135 134 144 142 139 138 

270 285 296 306 296 312 325 335 

0.285 0.321 0.347 0.369 0.294 0.330 0.359 0.381 

810 895 980 io40 760 a45 925 990 

25.5 25.3 24.9 24.5 23.6 23.5 23.3 23.1 

T h e  measurements were taken on the regen- 
eratively-cooled arc-jet  at an operating condition 
of 30 kW power input and a flow rate  of 7.35 x 
lb/sec.  Twelve operating conditions were se lec t -  
e d  for the  water-cooled arc-jet  measurements which 
cons is ted  of power inputs of 20, 25, 30  and 35 kW 
at hydrogen flow ra tes  of 3.6 x 
and 4.5 x lb/sec.  

4.0 x 

4.1 Mass flux profiles 

T h e  mass  flux profile measurements were ob- 
tained with a water-cooled m a s s  flux probe. T h e  

Table 4.1 Nominal arc-jet operating conditions for exit plane exhaust measurements 

Arc-jet 

Hydrogen mass 
f low rate  ( Ib/sec) 

Power input (kW) 

Arc current (amps) 

Arc vol tage 

Arc chamber pressure (torr) 

Thrust ( Ib) 

Specif ic impulse (sec) 

Thrust e f f i c i e n c y  (%) 

4.5 

20 25 30 35 

133 169 206 245 

150 148 145 143 

320 337 353 365 

0.320 0.353 0.378 0.401 

24.1 23.8 23.4 22.8 

700 775 840 900 
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NOZZLE E X I T  PLANE MEASUREMENTS 

probe d e s i g n ,  assoc ia ted  appara tus ,  and technique 
of operat ion a re  descr ibed in Appendix B. B a s i c -  
a l l y ,  t h e  probe i s  a d e v i c e  having a normal s h o c k  
i n l e t  which al lows a sample  of t h e  s t ream to b e  
captured.  T h e  mass  flux i s  then t h e  m a s s  flow 
r a t e  captured by the probe divided by t h e  probe 
i n l e t  a rea .  F igure  4.1 s h o w s  t h e  m a s s  flux probe 
at  t h e  e x i t  p l a n e  of t h e  MAC-4 arc- je t  exhaus t .  

Fig. 4.1 Mass f lux probe a t  ex i t  plane of MAC-4 
arc-jet 

Mass flux measurements on MAC-4 arc-jet 

Figures 4.2 through 4.5 show the  m a s s  flux 
prof i les  measured at a d i s t a n c e  of 0.020 i n c h e s  
(downstream) from the nozz le  e x i t  p l a n e  of t h e  
MAC-4 water-cooled arc-jet. T h e  measurements  
were  taken  over t h e  twelve opera t ing  condi t ions  
s e l e c t e d  for t h i s  arc-jet. 

h a u s t  cen terl ine which becomes  more pronounced 
as t h e  flow r a t e  i s  increased.  F i g u r e  4.6 i s  plot  
of t h e  m a s s  flux profiles at a c o n s t a n t  total m a s s  
flow r a t e  of 3.6 x for the 20 and 30  kW power 
leve ls .  A s  shown the  effect of power leve l  on the  

All  t h e  prof i les  exhibit  a “dip” at t h e  ex-  

profile i s  s l igh t  and produces n o  c h a n g e  of t h e  
center l ine  value.  T h i s  comparison i s  typ ica l  of 
a l l  t h e  flow r a t e s  and power l e v e l s  t e s t e d .  

t h e  n o z z l e  e x i t  p l a n e  should equal  t h e  total m a s s  
flow through the  a rc- je t  thrustor.  Assuming cy-  
l indrical  symmetry: 

T h e  integrat ion of t h e  m a s s  flux prof i les  over  

I 

I O  m= 2 r J  pur dr 
0 

(3) 

where m = mass flow r a t e  
pu = l o c a l  m a s s  flux 
ro = n o z z l e  e x i t  rad ius  

T h e  integrat ion w a s  obtained graphica l ly  by plot-  
t i n g  pu v e r s u s  r2. T h e  integral  t h u s  becomes  

and t h e  t o t a l  mass flow e q u a l s  t h e  a r e a  under t h e  
curve  multiplied by TI. T a b l e  4.2 p r e s e n t s  t h e  com- 
parison of t h e  integrated mass flux prof i les  with 
t h e  metered mass flow ra te  to the  arc- je t .  T h e  
metered mass f low r a t e  w a s  measured with a sonir.  
n o z z l e  flowmeter loca ted  in t h e  propel lant  i n l e t  
l ine.  

Integrat ion of the  mass flux prof i les  resu l ted  
in 80 to 9 0  percent  agreement  with t h e  metered 
f low r a t e  for a l l  of t h e  condi t ions  t e s t e d ,  with t h e  
in tegra ted  flow r a t e  lower than t h e  metered.  T h e  
p e r c e n t a g e  agreement  i n c r e a s e s  with i n c r e a s i n g  
f low r a t e  and e x c e p t  for t h e  two prof i les  ob ta ined  
with t h e  larger  i n l e t  d iameter ,  Ihe agreement  i s  
be t te r  at t h e  higher  power l e v e l s .  

I t  i s  e x p e c t e d  t h a t  t h e  integrated flow r a t e  
would b e  l e s s  than  t h e  metered flow ra te  d u e  to 
n o z z l e  boundary layer  effects. In t h e  boundary 
layer ,  which  i s  e s t i m a t e d  to b e  re la t ive ly  th ick  
(approximately 0.2 to 0.4 i n c h e s )  t h e  flow may 
b e  s u b s o n i c  t h u s  c a u s i n g  t h e  probe measurements  
in t h i s  region to be low s i n c e  t h e  incoming flow 
i s  d e f l e c t e d  a w a y  from t h e  probe inlet .  T h e  re-  
s u l t s  of prof i le  integrat ion suggest t h a t  t h i s  i s  the  
case s i n c e  t h e  p e r c e n t a g e  agreement  i n c r e a s e s  as  
t h e  e n e r g y  and d e n s i t y  of t h e  s t ream i s  r a i s e d .  

* l  
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F i g .  4.2 Mass flux profiles on MAC-4 
water-cooled arc- jet 
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Fig. 4.4 M a s s  flux profiles an MAC-4 
water-cooled arc- jet 
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Fig. 4.3 Mass flux profiles on MAC-4 
water-cooled arc-i et 

Fig.  4.5 Mass flux profiles on MAC-4 
water-cooled arc-jet 
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NOZZLE EXIT  PLANE MEASUREMENTS 

0 35.0 kW 4 . 4 7 ~ 1 0 - ~  l b i s e c l  

Power 
input 

( k W  

20.7 

24 8 

30.5 

35.2* 

20.9 

25.2 

30.4 

35.7* 

20.6 

26.1 

29.8 

35.0 

Table 4.2 Mass flow rate comparisons 

on MAC -4 arc-jet 

Metered mass 
f low rates 

(Ib/sec) 

3.63 

3.63 

3.63 

3.63 

4.02 

4.02 

4.00 

3.97 

4.52 

4.52 

4.51 

4.45 

ntegrated mass 
f low rate 

( I  b/sec)  

2.93 

3.01 

3.02 

2.82 

3.31 

3.44 

3.55 

3.31 

3.92 

3.92 

3.97 

3.99 

ntegrated 
f low rate 

Metered 
:low rate 

[percent) 

x 100 

80.7 

83.0 

83.2 

77.7 

82.4 

85.6 

88.4 

83.5 

86.7 

86.7 

88.0 

89.2 

*Probe inlet  diameter increased from 0.068 inches 

to 0.108 inches 

Both of t h e s e  effects should reduce the nozzle  
boundary layer thickness .  

Incomplete capture of t h e  normal shock  at  
t h e  probe l ip  could account for t he  difference 
between integrated and metered flow ra tes ;  how- 
eve r ,  visual  observation of the  bow shock  at t h e  
probe l ip  sugges t  that t he  shock was  indeed 
swallowed. Whenever the  probe was  located 
within a radius of approximately 0.4 inches  t h e  
bow shock  before sample collection was  observed 
to s tand  off from the l ip approximately 0.030 to 
0.50 inches .  Upon initiation of the  col lect ion,  the 
bow shock  moved towards the probe and at tached 
to the  probe lip. 

3 .O 

2.0 

1 .o 

0 
1.0 0.8 0.6 0.4 0.2 0 0.2 0.4 0.6 0.8 1.0 

Rad ia l  pos i t i on  ( inches)  

F i g .  4.6 Effect of power on mass f l u x  profiles 
(MAC-4 water-cooled arc-jet) 

F o r  the  purpose of calculat ions and compari- 
s o n  c h e c k s  which involve the  mass  flux profile, 
i t  i s  necessary  t h a t  t he  measured profile be ad-  
justed to b e  equal  the metered mass  flow rate.  
F igure  4.7 i s  a typical  mass  flux profile which w a s  
constructed for t h e  purpose of computations pre- 
sen ted  in t h e  remainder of this report. Also  shown 
i n  Fig.  4.7 i s  t he  measured profile. In t h e  con- 
s t ruct ion i t  i s  assumed tha t  t he  mass flux va lues  
measured within a radius  of 0.4 inches  a r e  quanti-  
ta t ively correct  and so t he  two profiles agree in  
t h i s  region. However, t h e  values  at radii  greater  
than 0.4 inches  were adjusted in a manner cons i s -  
t e n t  with the  experimental  measurements to a l eve l  
where the  integrated and metered flow ra t e s  were in 
100 percent  agreement. T h i s  construction i s  neces-  
s a r i l y  subjec t ive  in nature,  however, it is felt tha t  
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Fig. 4.7 Constructed mass flux profile on MAC-4 1.0 0.8 0.6 0.4 0.2 0 0.2 0.4 0.6 0.8 1.0 

water-cooled arc-jet Radial position (inches) 

Fig. 4.8 Mass flux profile on GSC-2 regeneratively 
cooled arc-jet 

any poss ib le  errors resul t ing from th is  construction 
will b e  minimal. 

in the derivation of the  velocity profiles (Sec. 4.3), 
total  power flux (Sec. 4.4), kinet ic  power flux 
(Sec. 5.2), and the  thermal power flux (Sec. 5.4). 

T h e  constructed mass flux profiles were used 

Mass f l u x  measurements on GSC-2 arc- jet  

Figure  4.8 i s  the mass flux profile measured 
approximately 0.020 inches  downstream from the 
ex i t  plane of t h e  GSC-8 arc-jet. 
T h e  d a t a  i s  a summary of two t raverses  of the  mass  

flux probe across  the  nozzle  ex i t  diameter. T h e  
power input for t hese  tests was  30.5 kW and the  

4 hydrogen mass flow ra t e  w a s  7.35 x 10- lb/sec.  
T h e  profile i s  s l ight ly  asymmetric ds were the  

MAC-4 arc-jet measurements and also p o s s e s s e s  a 
“dip” at the arc-jet exhaus t  centerline. Each  half 
of th i s  profile w a s  integrated ac ross  the  ex i t  plane 
a rea  and then averaged, resul t ing in  97% of the 
metered flow rate .  T h e  good agreement between in- 
tegrated and metered flow ra t e s  is most  likely due  
to the  higher mass  flow ra te  at which th i s  thrustor 
w a s  operated, and the  higher wall temperature 
which resu l t s  in a smaller  nozz le  boundary layer 
than for a water-cooled nozzle. 
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NOZZLE EXIT  PLANE MEASUREMENTS 

4.2 Impact pressure profiles 

A measurement of the impact pressure of a 
high Mach number g a s  flow i s  approximately equal 
to  the momentum flux of the stream. A water-cooled 
impact probe was used to  obtain impact pressure 
profiles a t  the exit plane of the water-cooled 
MAC-4 and GSC-2 arc- je t s .  The  probe design,  
associated apparatus,  and technique of opera- 
tion are described in Appendix C. 

Impact pressure measurements on arc-jets 

Figure 4 . 9  presents the init ial  impact pressure 
profiles measured on the MAC-4 arc-jet. These  
measurements were the first  taken after fabrication 
of th i s  arc-jet. A s  shown in Fig. 4.9, the profile 
a t  20.9 kW exhibits a “bl ip” above the arc-jet 
centerline. On close examination of the arc-jet  
a small  burr was found on one of the tangential  
propellant inlets .  Figures 4.10 through 4.12 
shows the impact pressure profiles obtained after 
removal of the burr for propellant flow ra tes  rang- 
ing from 3.6 x to 4.5 x lb / sec  and 
power inputs ranging from 20 to 40 kW. It can be 
seen  that the profile symmetry was improved with 
the removal of the small burr. This  sugges t s  that 
the machining quality and alignment of the tan- 
gential injection ports can significantly affect the 
pressure profile. 

Inspection of the profiles of Fig. 4.10 to  4.12 
indicates  the impact pressure distribution becomes 
more symmetrical as the flow rate and input power 
are increased. To determine if the asymmetry was 
due to a particular orientation of the arc-jet ,  the 

arc-jet  was  rotated 180 degrees  about i t s  center- 
l ine and profile measurements were taken. Data 
obtained on this t e s t  represented a mirror image 
of the da ta  shown in F igs .  4.10 to 4.12, thus in- 
dicat ing the asymmetry i s  a thrustor configuration 
character is t ic  and not due to i t s  orientation within 
the t e s t  chamber. 

t inct  change in s lope  a t  a radius of t 0.60 inches.  
It is felt that the change in s lope is a probe effect  
s ince  the outer radius of the probe t ip  i s  very 
c lose  to the nozzle wall a t  this position and as 
such corners the flow in front of the probe. 

on the MAC-5 water-cooled arc-jet  and were 
within t 1% of the da ta  obtained on the MAC-4. 

A check of the impact pressure profile 
measurements can be obtained by a comparison 
with the arc-jet  thrust  measurement. The  arc-jet  
thrust ,  assuming cylindrical symmetry is given by, 

Each  of the MAC-4 profiles p o s s e s s  a d i s -  

Impact pressure profiles were a l s o  obtained 

( 5 )  T = 2 n J  ro (pu 2 + ps - pa) r d r  
0 

where T = thrust 

pu2 = momentum flux 

ps 
pa = ambient tank pressure.  

= s t a t i c  pressure a t  nozzle  ex i t  

Since the impact pressure pi 2 pu2, and assuming 
ps is small  then 

rO 
T = 2 n l  (pi - pa) r dr  

0 
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Fig. 4.9 Init ial  impact pressure profiles on MAC-4 
water-cooled arc-jet 
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Fig. 4.10 Impact pressure profiles on MAC-4 
water-cooled arc-jet 
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Fig. 4.11 Impact pressure profiles on MAC-4 
water-cooled arc-jet 
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Fig. 4.12 Impact pressure profiles on MAC-4 
water-cooled arc-jet 
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T h e  ambient tank pressure was  measured at  each  
of the  operating conditions at  which profile meas- 
urements were obtained and w a s  used  in the  inte- 
gration of the  profiles presented in F i g s .  4.9 to 4.12. 
T h e  resu l t s  of the  integration a re  shown in Figs. 
4.13 through 4.15. In addition to the  integrated 
thrus t  va lues  the  MAC-5 arc-jet th rus t  performance 
i s  plotted as a function of power input. 

T h e  thrus t  values obtained from the impact 
pressure profiles are generally lower than the 
measured thrust. This  is expected s i n c e  the  im- 
pac t  pressure i s  only an approximate value of t h e  
momentum flux and the s t a t i c  pressure w a s  neg- 
lected in the  integration. T h e  one  exception i s  
a d a t a  point on Fig.  4.15. T h e  g rea t e s t  deviation 
of the  integrated value from the measured thrust  
occurs  at the  higher power leve ls  and lower flow 
ra tes .  One point deviates by 1240 and a l l  o thers  
devia te  by less than 9%. 
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Fig.  4.13 Comparison of integrated impact pressure 
with measured thrust 

Hydrogen f low rate 4.0 x Ib/sec 

Measured thrust MAC-5 arc- jet  

Integrated impact pressure MAC-4 arc- jet  

i r-I I I 1 r 1 r 1 1  

' ' Measured thrust 

* I  

I 
1 1 1  I 

Fig.  4.14 Comparison of integrated impact pressure 
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F i g .  4.15 Comparison of integrated impact pressure 
with measured thrust 
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Impact pressure measurements on regeneratively- 
cooled GSC-2 arc-jet 

An impact pressure profile w a s  measured at 
the ex i t  plane of the GSC-2 arc-jet  operating at 
a nominal spec i f ic  impulse of 1000 sec. During 
this  test t h e  impact pressure probe was  positioned 
approximately 0.020 inches  downstream of t h e  
nozzle  exi t .  T h e  arc-jet  w a s  operated at a power 
input of 30.3 kW and a hydrogen m a s s  flow ra te  
of 7.4 x Ib/sec.  

ing t h i s  test. T h e  impact pressure profile ex- 
hibi ts  the “dip” at the  arc-jet  center l ine which 
was a l s o  observed in the mass flux measurements 
and is in contrast  to the MAC-4 profiles which 
peaked on centerline.  T h i s  profile w a s  inte- 

Figure 4.16 shows the  profile obtained dur- 

Hydrogen f low rate 
Power input 
Tank pressure 

7.40 x Ib/sec 
30.3 kW 
0.19 torr 

Radial position (inches) 

Fig. 4.16 Impact pressure profile for GSC-2 thrustor 

I 

grated over the ex i t  plane a rea  and resulted in  a 
thrust  value of 0.66 Ib. 

this  operating condition. T h e  agreement between 
thrust  l eve ls  is 92.6%. 

T h e  measured thrust  value w a s  0.713 Ib at 

4.3 Velocity profiles 

Two techniques of determining the ex i t  plane 
velocity profiles were employed in th i s  experi- 
meztal  program. One technique uti l ized the  dua l  
photocell velocity meter descr ibed in Appendix D 
to provide a d i rec t  measurement of the  exhaus t  
velocity. T h e  other technique made 3se of the  
m a s s  flux and impact pressure measurements ob- 
tained with t h e  water-cooled probes described in  
Appendices B and C .  

T h e  impact pressure and mass  flux measure- 
ments c a n  be combined to g ive  a velocity profile. 
Since for high Mach number flows the  impact pres- 
sure  i s  approximately equal  to the  momentum flux 
pu2, where p i s  t h e  gas densi ty  and u is the  gas 
velocity,  and the mass  flux is pu, a division of 
the  local  impact pressure by the  local  mass flux 
wi 11 g i v e  t h e  loca l  velocity,  u. If the  pressure is 

t h e  velocity ( f t /sec)  i s  obtained by the following 
equation: 

in  (torr)  and t h e  mass  flux is given in ( Ib/sec in. 2 ) 

(7) 
Pi 

u = 0.623 - 
PU 

where pi = impact pressure (torr). 

within 20% agreement with the  d a t a  obtained with 
t h e  probes. T h e  la rges t  deviation occurred at the  
jet center l ine where t h e  velocity meter records an 
“average” across  the viewing diameter and not  
the local velocity.  A comparison of the  velocity 
profile obtained with the  velocity meter and the 
probes i s  presented in Appendix D. 

All d a t a  obtained with the velocity meter were 
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, 

Analysis of the resu l t s  indicated that  the  
velocity meter recorded the exhaus t  velocity for 
t h e  MAC-4 arc-jet and for the GSC-2 arc-jet ,  
t h e  exhaust  velocity plus the local sonic  speed. 

probe measurements posses s  a higher degree of 
accuracy for the mass flow rate and enthalpy 
ranges tes ted  in this program, i t  is anticipated 
tha t  the velocity meter technique will be more 
applicable in the very high enthalpy arc-jet  opera- 
tion region where heat transfer considerations 
would prevent probe measurement. The  velocity 
measurenients presented below were obtained from 
the probe measurements. 

While the velocity profiles, deduced from the 

Velocity measurements on MAC-4 arc-jet 

Figures  4.17 through 4.19 present the velocity 
profiles calculated by Eq. (5) for the MAC-4 arc- 
jet at the 1 2  operating conditions of th i s  thrustor. 
The  profiles all peak on or very near the exhaust  
center l ine and decrease rapidly away from the 
centerline. Fur ther ,  all the profiles tend to con- 
verge to a common velocity a t  a radial position 
between 0.40 and 0.50 inches.  The  e f fec t  of 
power increases  for a constant mass  flow is quite 
evident  and resul ts  in a more sharply peaked 
velocity distribution over the central  region of 
i 0.4 inches radius. 

and varying mass flow rate reveals  a s l igh t  but 
not s ignif icant  change in  the velocity distribu- 
tion. 

Inspection of  the profiles a t  constant  power 

Referring to the electr ical  character is t ics  
of th i s  arc-jet  (Fig.  3.17) i t  i s  seen that power 
increases  a t  constant  mass  flow rate are e f fec ted  
mainly by arc current increases  s ince  the arc 
voltage curve is relatively flat. I t  is a l s o  noted 
that  increasing the mass flow rate a t  constant  
power reduces the arc current. Thus ,  i t  appears 
that  velocity distribution a t  t h e  nozzle ex i t  
plane is most sens i t ive  to changes i n  t h e  arc 
current level. 

The  extrapolation of the velocity profiles 
to  the nozzle exit  diameter was made in a some- 
what arbitrary manner so that es t imates  of the 
kinetic power f lux could be calculated.  No 
attempt was made to  def ine the velocity profile 
in the boundary layer near the nozzle  wall. 

Velocity measurements on GSC-2 arc-jet  

T h e  velocity profile a s  calculated from the 
impact pressure and mass  f lux  measurements 
taken on the GSC-2 arc-jet  is presented in 
Fig.  4.20. T h e  da ta  are less peaked than the  pro- 
f i les  obtained on the water-cooled arc-jet  and 
are lower in magnitude. Although the veloci- 
t i e s  are lower in this jet, i t  i s  noted that approxi- 
mately 80% of the mass  is within a radius  of 4 . 5  
inches  while on the  water-cooled arc-jet  only 40 
to  50% i s  in the  h igh  velocity arc region, which 
i s  ref lected i n  the higher thrust  efficiency of the 
GSC-2 arc-jet. 
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Fig.4.17 Velocityprofiles on MAC-4 
water-cooled arc-jet 
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F i g .  4.18 Velocity profiles on MAC-4 
water-cooled arc- jet 
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Fig.  4.19 Velocity profiles on MAC-4 
water-cooled arc-jet 
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Fig.  4.20 Velocity profile on GSC-2 regeneratively 
cooled arc-jet 
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4.4 Stugnation enthulpy profiles 

The stagnation enthalpy measurements were 
obtained with a water-cooled total enthalpy probe 
described in Appendix E. This probe is a calo- 
rimetric device which collects a sample of the ex-  
haust stream, extracts its energy content by means 
of a heat exchanger, and exhausts the cooled sam- 
ple through a sonic flow nozzle. Measurements of 
the cooling water flow rate and temperature rise 
allow a determination of the power extracted w i t h i n  
the probe, and measurements of the gas temperature 
and pressure upstream of the sonic flow nozzle de- 
termine the mass flow rate of gas collected by the 
probe. These measurements are sufficient to de- 
f ine  the total energy content or enthalpy of the 
collected sample. 

enthalpy probe located at the exit plane of the 
MAC-5 arc-jet operating on hydrogen at 20 kW. 

Figure 4.21 is a photograph of the stagnation 

Stagnation enthalpy measurements on MAC-5 arc-jet 

Figures 4.22 through 4.24 show the stagnation 
enthalpy profiles measured at a distance of 0.030 
inches (downstream) of the exit plane of the MAC-5 
arc-jet. Inspection of the probe after the test at 
the highest enthalpy condition (35 kW -3 .6  x 10- 
lb,/sec) revealed that the probe l ip  of the external 
shield had eroded slightly leaving a small area of 

1 
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F i g .  4.22 Stagnation enthalpy profiles on MAC-5 
water-cooled arc - i e t  

F i g .  4.21 Stagnation enthalpy probe in exhaust of 

MAC-5 arc-jet 
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F i g .  4.23 Stagnation enthalpy profiles 
on MAC-5 water-cooled arc-jet 

t h e  internal  probe l i p  exposed to the external ex- 
h a u s t  flow. Figure 4.25 shows probe after t h e  
above test in which the  normally enclosed internal 
l i p  is c lear ly  vis ible .  Thus ,  i t  is expected that  
t h e  enthalpy va lues  are  s l ight ly  high for th i s  
operat ing condition. 

T h e  enthalpy profiles all peak on t h e  jet 
center l ine and are relatively symmetric about 
t h e  centerline.  T h e  effect of ra i s ing  the  input- 
power i s  qu i te  ev ident  and resu l t s  in an increase 
in  enthalpy over  the whole profile with t h e  largest  
i n c r e a s e  on t h e  j e t  centerline.  

e x i t  enthalpy ranged be tween 2.1 to 4.1 for a l l  
T h e  ratio of centerline enthalpy to the  bulk 

tests. No func ional re la t ionship was  detected,  
however, t h e  rat io  generally increased with in- 
creasing bulk e x i t  enthalpy. 

a radius  of 0.5 inches  to t h e  nozzle  w a s  made 
assuming the  gas temperature at the wal l  w a s  
near  500°K and has  an enthalpy of 3,000 BAb.  

Power flux profiles (MAC-4) 

T h e  extrapolation of t h e  enthalpy d a t a  from 

T h e  s tagnat ion enthalpy profile da ta  were mul- 
t iplied by t h e  corresponding local  mass flux 
va lues  descr ibed in  bection 4.1. T h e  r e s u l t  of 
t h e s e  calculat ions a re  presented in Figs. 4.26 
through 4.28 and as such represent  t h e  total power 
flux profiles for the  MAC-5 arc-jet. A s  shown, 
t h e  power flux profiles have t h e  same character-  
istic shape  of the  total  enthalpy profiles. 

1.0 0.8 0.6 0.4 0.2 0 0.2 0.4 0.6 0.8 1.0 
Radial position (inches) 

Fig. 4.24 Stagnation enthalpy profiles on MAC-5 
water-cooled arc- jet 

Report E368 - March 1966 MCDONNELL 31 



NOZZLE EXIT PLANE MEASUREMENTS 

F i g .  4.25 Stagnation enthalpy probe l i p  after highest 
enthalpy test  

The total power flux profiles can be inte- 
grated over the nozzle exit plane area and should 
satisfy t h e  following relation, assuming cylindri- 
cal symmetry: 

Pin - Ploss = 2nJ ht pu r dr (8) 
0 

where Pin = power input 
Ploss = power losses d u e  to radiation and heat 

h t  = measured local stagnation enthalpy 
pu = local mass  flux 

po = nozzle exit radius 

transfer to the nozzle wall 

The profiles of Figs. 4.26 through 4.28  were 
graphically integrated over t h e  nozzle exit plane 
area and the results are presented in Table 4.3.  

than the measured power input to the gas  for all con- 
ditions except the 35 kW, 3.6 x 
tion during which the erosion of the probe lip (previ- 
ously noted) occurred. 

In light of the manner of obtaining the total 
power ir, the gas,  (i.e. assumed cylindrical symmetry, 
extrapolation of the enthalpy profiles, constructed 

The integrated exhaust power values are lower 

Ib/sec condi- 

1.0 0.8 0.6 0.4 0.2 0 0.2 0.4 0.6 0.8 1.0 

Radial position (inches) 

Fig.  4.26 T o t a l  power flux profi les on MAC-5 
water-cooled arc-jet 

mass flux values at  t h e  outer regions of the exhaust) 
t h e  agreement between t h e  two power measurements 
i s  considered quite satisfactory. The trend of better 
agreement a s  the power is  increased i s  presently be- 
ing investigated for possible systematic errors. 

Stagnation enthalpy measurements on the GSC-2 arc-jet 

Figure 4.29 depicts the stagnation enthalpy pro- 
file obtained on the GSC-2 arc-jet at  a location of 
0.010 inches from t h e  exit plane. The GSC-2 arc-jet 
w a s  operated at  a power input of 30.6 kW and a hy- 
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drogen mass  flow ra te  of 7.35 x low4 lb/sec.  T h e  
profile is symmetrical and is peaked on t h e  exhaus t  
center l ine at 72,800 B/lb. Some d a t a  scatter is ob- 
served at radii greater  than 0.45 inches.  T h i s  might 
be expected s i n c e  t h e  small  flow rates and small  
temperature differentials encountered in t h i s  region, 
may c a u s e  large experimental  errors. T h i s  region 
(radii greater than 0.5 inches)  w a s  not  probed on t h e  
MAC-5 arc-jet  tests described above due  to t h e  large 
scatter encountered. A smooth curve w a s  drawn 
through the  d a t a  and extrapolated tn the  nozzle  wal l  
which was  assumed to b e  at 1500°K. T h e  d a t a  of 
Fig. 4.29 were multiplied by the local  mass flux 

1.0 0.8 0.6 0.4 0.2 0 0.2 0.4 0.6 0.8 1.0 

Radial position (inches) 

Fig. 4.28 Total power flux profiles on MAC-5 
water-cooled arc-jet 

at each  radial  posit ion (Fig.  4.8) and t h e  resul t ing 
total power flux profile i s  shown in Fig.  4.30. 

P o w e r  flux profiles (GSC-2) 

1.0 0.8 0.6 0.4 0.2 0 0.2 0.4 0.6 0.8 

Radial position (inches) 

Fig. 4.27 Total power flux profiles on MAC-5 
water-cooled arc-jet 

0 

T h e  GSC-2 power flux profile is relatively 
flat across  a diameter of 0.4 inches  and again is 
in contrast  to the  MAC-5 arc-jet  which w a s  strong- 
ly peaked on the  centerline.  T h e  profile of Fig. 4.30 
was integrated over the  nozzle  ex i t  plane and 
yielded a value of 24.7 kW. T h e  power input was  
30.6 kW. Thus ,  the  integrated power in t h e  gas 
was  80.8% of the  total  input power. T h i s  value is 
somewhat lower than expected s i n c e  the  radiated 
power l o s s  i s  estimated to b e  near  11% requiring 
the  exhaus t  power to be approximately 89%. Some 
of t h i s  deviation can  b e  attributed to t h e  mass 
flux va lues  used s i n c e  the  integrated mass flux 
profile w a s  3% lower than t h e  metered flow rate.  
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Table 4.3 Exhaust power comparisons on MAC-5 arc-jet 

~ 

Mass flow 
rate 

( I b l s e c )  

3.6 
3.6 
3.6 

3.6 
4.0 

4.0 
4.0 
4.0 
4.5 
4.5 
4.5 
4.5 

Power 
input 

( k W )  

20.0 
25.0 
30.6 
35.7 
19.7 
25.0 
30.5 
35.7 
20.0 
25.0 
30.1 
35.8 

~ 

Power 
losses 

( k W )  

4.53 
5.66 
6.87 
a. io 
4.54 
5.47 
6.35 
7.80 

5.8 1 
4.45 

6.92 
8.10 

15.5 
19.3 
23.8 
27.6 
15.2 
19.4 
24.1 
27.9 
15.6 
19.2 
23.4 
27.7 

Integrated power 
flux profi le 

( k W )  

12.7 
17.9 
23.8 
30.6 
11.2 
17.8 
23.2 
27.2 
11.4 
16.3 
21.3 
27.9 

Integrated power 

‘in - ‘loss 

(percent) 

82.3 
92.7 
100.0 
111.0’ 
74.4 
91.8 
96.2 
97.5 
74.5 
85.0 

91.0 
100.1 

1.0 0.8 0.6 0.4 0.2 o 0.2 0.4 0.6 0.8 1.0 
Radial position (inches) 
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Radial position (inches) 

Fig. 4.29 Stagnation enthalpy profile on GSC-2 
reregeneratively cooled arc-jet 

MCDONNELL 

Fig .  4.30 Total  power flux profile on GSC-2 
regenerati vely cooled arc-i et  
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I 4.5 Excitation temperature profiles 
I 

Excitat ion temperature profile measurements 
were obtained at the  ex i t  plane of the  MAC-5 and 
GSC-2 arc-jets using a spectrograph and t h e  meth- 
od of relat ive l ine  intensi t ies .  T h e  theory, experi- 
mental  apparatus,  and technique of operation a re  
descr ibed in Appendix F. 

ci ted state population obeys Boltzmann’s distri-  
bution law, the  excitation temperature is related 
to t h e  spec t ra l  l ine  intensi t ies  by t h e  equation: 

For an  opt ical ly  thin plasma in  which t h e  ex- 

- 
E, (9) 

lnm A‘nm 5040 
= Constanc - - 

T 
b l 0  

fnm 

where In, = intensi ty  of spec t ra l  l ine  
Anm = wavelength of emitted radiation 
fnm = absorption osci l la tor  strength 

En = transit ion energy between state n and m 
T = excitation temperature 

Since t h e  quant i t ies  Inm, hn, fnm are  known, 
a knowledge of the  local  spec t ra l  l ine intensi t ies  
at a given radial  position in  the  plasma will  al low 
a determination of the  excitation temperature. T h i s  
is obtained by measuring the  s l o p e  of the  l ine ob- 
ta ined by plott ing loglo In, 3,, 

versus  En. 
fn m 

T h e  radial  spec t ra l  l ine in tens i t ies  are  obtained 
from t h e  measured average “s ide  on” intensi t ies  
through t h e  u s e  of the  Abel transformation (See 
Appendix F). 

made approximately 0.080 inch downstream of the 
nozz le  ex i t  plane. T h e  temperature profiles exhibi t  
considerable  d a t a  scatter over  the operating condi- 
t ions tes ted and d o  not  p o s s e s s  a character is t ic  
s h a p e  or distribution. T h e  error bars  a t tached to 
t h e  d a t a  points represent  t h e  temperatures which 
could be obtained by drawing the  two extreme l i n e s  
on the Boltzmann plots;  t h a t  i s ,  t h e  extreme l ines  
tha t  are cons is ten t  with t h e  data.  

It is felt t h a t  t h e  uncertaint ies  in  t h e  experi- 
mental  da ta  d o  not permit a quantitative determina- 
t ion of t h e  exci ta t ion temperature profiles; however, 
the  distributions a re  a l l  re la t ively flat and increase  
as the  bulk s tagnat ion enthalpy increases .  

It should be noted tha t  the error bars shQwn d o  
not  represent  t h e  total error in a given temperature 
value.  T h e  total error should take  in to  account  t h e  
following sources  of error: 

0 re lat ive l ine intensi ty  measurement, 
Abel inversion procedure, 
f luctuations in exhaus t  plasma 
osci l la tor  s t rengths  used in calculations.  

Of t h e s e  four sources  of error t h e  last two may be 
considered negligible s i n c e  t h e  osci l la tor  s t rengths  
have an estimated accuracy of 1% and the  measure- 
ments were taken over a long period of time with 
respec t  to any fluctuation in the  plasma. 

T h e  error to be expected in the  measurement 
of t h e  relat ive l ine  in tens i t ies  is approximately 1 0  
percent. T h i s  will  produce a corresponding error 
of approximately 10 percent in the  temperatures 
computed from a Boltzmann plot of t h e s e  measured 
quant i t ies ,  t h a t  is t h e  average temperature a long a 
chord of the  e x i t  plane cross sect ion.  Therefore,  
the  radial  temperatures can at best be in error 10 
percent. 

T h e  amount of error introduced by the  Abel in- 
version procedure is qui te  difficult  to determine 
s i n c e  a particular value of the  radial  intensi ty  de- 
pends upon the  s h a p e  of the curve fitted to a l l  the  
measured d a t a  points. T h i s  occurs  because  of the  
integration involved in the  Abel inversion. In order 
to construct  error bars  for the inverted d a t a  it would 
b e  necessary  to determine the  curves,  cons is ten t  

Excitation temperature measurements on MAC-5 
arc-jet 

Figures  4.31 through 4.33 present  the excita- 

These measurements were 
tion temperature profiles obtained at the exit plane 
Of the MAC-5 
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Fig. 4.31 Excitation temperature profiles on MAC-5 water-cooled arc-jet 
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Fig. 4.32 Excitation temperature profiles on MAC-5 water-cooled arc-jet 
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NOZZLE E X I T  PLANE MEASUREMENTS 

with the  d a t a  which would produce a minimum and 
maximum for each  point of t h e  inverted data .  Due to 
the  large number of curves required th i s  was  not  
attempted. 

In view of t h e  above i t  will b e  assumed tha t  
t h e  measured temperatures are  correct  to within 
15 to 20 percent. 

Excitation temperature measurements on GSC-2 
arc-jet 

T h e  excitation temperature profile obtained 
or, the  GSC-2 arc-jet  is shown in Fig.  4.33 and 
i s  similar in nature within tha t  obtained on the 
MAC-5 arc-jet. T h e s e  resu l t s  a r e  somewhat higher 
than those obtained during the development of this  
arc-jet  (Ref. 3). 

4.6 €lectron density measurements 

Measurements of t h e  electron concentration 
in t h e  exhaus t  of t h e  water-cooled arc-jet  were 
obtained by means of Langmuir probe and spec-  
troscopic techniques.  T h e  Langmuir probe appa- 
ra tus ,  theory and technique of operation a r e  
descr ibed in Appendix G, and t h e  method by which 
t h e  electron concentration is inferred from the  spec-  
t roscopic  measurements is presented in Appendix F. 
T h e  electron dens i t ies  determined by t h e s e  tech- 
niques a r e  qual i ta t ive in  nature and are probably 
accura te  to within a factor of 3, however, these  
measurements are useful in es tab l i sh ing  to what 
e x t e n t  t h e  exhaus t  stream is in a state of frozen 
flow. 

measurements obtained with t h e  Langmuir probe 
on t h e  MAC-” arc-jet  at a posit ion of 0.5 inches 
downstream of the  nozzle  e x i t  plane. Measure- 
ments  were attempted at posit ions c l o s e  to the 

Figure 4.34 presents  t h e  electron dens i ty  

nozzle  e x i t  plane; however, difficult ies were en- 
countered due  to incomplete isolat ion of t h e  probe 
circui t  from the  arc discharge.  T h e  curve drawn 
through the  experimental  points at the  30.3 kW 
condition represents  a possible  fit of t h e  da ta ;  
however, care should b e  exercised in interpreta- 
tion of t h i s  d a t a  due  to the  quali tative nature of 
t h e  measurements. T h e  severa l  experimental 
measurements at the  power input level  of 19.3 kW 
resul ted i n  lower electron dens i t ies  by a rough 
factor of two thirds. 

13 2.0 x 10 A 1 I I I i i i i i i ;  Mass f low rate 1 
-3.6 x lo-‘ Ib /rec l  1.8 

1.6 

1 .a 
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I 1 0 1  1 I I 
I Nozzle ex i t  diameter I -41 I _  

0.8 
1.0 0.8 0.6 0.4 0.2 0 0.2 0.4 0.6 0.8 1.0 

Radial position (inches) 

Fig. 4.34 Electron density profile on MAC-7 
water-cooled arc-jet 

Figure 4.35 shows t h e  average electron den-  
s i t y  along a diameter of the  MAC-5 arc-jet  ex- 
haus t  at a posit ion of approximately 0.30 inches  
from t h e  nozzle  ex i t  plane. T h e  d a t a  were ob- 
tained by a measurement of t h e  spec t ra l  l ine  broad- 
ening d u e  to t h e  Stark effect .  T h e  Balmer 8 and 
6 l ines  were used to determine the  electron den- 
s i t y  at the  various power levels .  T h e  d a t a  plot- 
ted on Fig. 4.35 represent  t h e  average of d a t a  
obtained from the 8 and 6 l ines  which differed by 
approximately 20% of each  other. 

T h e  electron dens i ty  at the  35 kW, 3.6 x low4 
lb /sec  condition w a s  also estimated by the  Teller-  
Inglis rule  (Appendix F). T h i s  technique requires 
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a measurement of the number of distinguishable 
spectral lines above the continuum and yielded an 
electron density of 3.2 x 1014 electrons/cm3. 

cate that the electron concentration at the exit 
plane of the water-cooled arc-jets MAC-5 and 
MAC-" is within the range of 1 x l O I 3  to 3 x 
1014 electrons/cm3, and that the effect increas- 
ing the power input from 20 to 35 kW raises the 
electron concentration by approximately a factor 
of two. 

The results of the various measurements indi- 

i 

0.81 
20 25 30 35 80 

Power input (kW) 

Fig. 4.35 Average electron density across ex i t  
plane diameter of MAC-5 water-cooled arc-jet 

4.7 Nozzle static pressure measurements 

Measurements of the static pressure were made 
at the nozzle exit plane of the water-cooled arc-jet 
(MAC-7) and the regeneratively-cooled arc-jet 
(GSC-2). 

The exit plane static pressure is required in  
the calculation of the exit plane energy balance 
which is presented i n  the following section of this 
re port. 

Additional measurements were obtained of the 
static pressure distribution in the nozzle of the 
MAC-7 arc-jet from the end of the constrictor 
throat to a position 1.107 inches downstream of 
the throat. 

Static pressure measurements on MAC-7 
arc- jet 

The nozzle of the MAC-7 arc-jet was instru- 
mentated with a series of static pressure taps as 
shown in  Fig. 4.36. The pressures were recorded 
with three Wallace and Tiernan pressure gauges, a 
0 to 400 torr gauge, a 0-50 torr gauge, and a 0-20 
torr gauge. 

. 
Note: All dimensions in inches 

Fig. 4.36 Location of pressure taps on MAC-7 
water-cool ed arc-i et 

Data was obtained for twelve operating condi- 
tions of this arc-jet and the results are plotted i n  
Figs. 4.37 through 4.39. The static pressure 
drops rapidly immediately downstream of the con- 
strictor exit for all flow rates and power levels. 
The pressure level recorded at tap number 4 did 
not assume a constant value but fluctuated between 
values slightly above the dashed curve and a value 
almost equal to the throat pressure. This behavior 
is most probably d u e  to intermittent attachment of 
the arc discharge at this tap location and suggests 
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F ig .  4.39 Static pressure distribution on MAC-7 
water-cooled arc-jet 

tha t  t h e  axial  arc attachment region i s  within a dis-  
tance of 0.250 inches s i n c e  t a p s  3 and 5 did not ex- 
hibit  this  characterist ic.  

Static pressure measurement on GSC-2 

T h e  static pressure on t h e  regeneratively- 
cooled arc-jet was  obtained by placing a small  
diameter tungsten tube adjacent  to the nozzle  
e x i t  plane. T h e  end of th i s  tube w a s  ground to 
match the nozzle  contour. T h i s  technique was  
used in l ieu of machining a pressure port through 
the  regeneratively-cooled nozzle  and introduces 
an uncertainty into the  measurement because  of 
flow effects around the  tube. 

power input of 30 kW and a mass  flow rate  of 
7.35 x lb/sec.  

A pressure of 0.75 torr was  recorded for a 

41 Rcpori E368 . March 1966 MCDONNELL 



5 Power balance at nozzle exit plane 

Past experimental ana lys i s  of the  arc-jet  
nozzle  flow indicated t h a t  non-equilibrium is to 
be anticipated in t h e  nozzle exhaust.  T h e  non- 
equilibrium conditions occur because  the  time for 
recombination of dissociated and ionized s p e c i e s  
is greater than the  residence time within the  noz- 
zle.  T h i s  phenomena is referred to as frozen flow 
and resu l t s  in a power l o s s  s ince  the  dissociat ion 
and ionization energy i s  not converted to kinetic 
energy. Hence,  it  i s  of interest  to ascer ta in  ex- 
perimentally, if possible ,  the  degree to which the 
nozzle  flow is frozen. 

If i t  is assumed tha t  a l l  t h e  const i tuents  of 
the  nozzle  flow have the  same velocity at  a given 
radial  posit ion of the  flow, then a power balance 
for t h e  flow at t h e  ex i t  plane i s  given by 

0 (1) 
A U 

+ NH - + Ne B U  + pu C C i  hi D U  ht  = - P U G  
2 2 1 

where ht 

hi 
C i  
p = g a s  densi ty  
u = gas velocity 
A = dissociat ion energy 
B = ionization energy 
NH = atomic number concentration 
Ne = electron number concentration. 

T h e  term on t h e  left  hand s i d e o f  Eq. 1 represents  
t h e  total energy passing through a unit area of t h e  
e x i t  plane per second.  T h e  f i rs t  term on the  
right hand s i d e  of Eq. 1 represents  the kinetic 
power flux, t h e  second and third terms account 

= stagnat ion enthalpy of stream 
= enthalpy of s p e c i e  i 
= m a s s  concentration of s p e c i e  i 

for the  energy invested respectively in d issoc ia-  
tion and ionizntion, and the l a s t  term containing 
t h e  summation represents  the energy contained in 
random thermal motion. 

T h e  nozzle  e x i t  plane measurements de- 
scribed in Section 4 can be used to c a l c u l a t e  some 
of the  terms of Eq. 1 directly and - with some 
assumptions - t h e  other terms may be est imated.  

5.1 Total power flux 

T h e  to ta l  power flux - t h e  product of t h e  local 
mass  flux and the  local stagnation enthalpy - was 
computed in Sect ion 4.4 f o r  the  comparison of the 
measured power in the gas to the integrated power 
flux profiles.  

T h e  profiles of e x i t  plane total power flux for 
the MAC-5 arc-jet  a re  shown in Figs. 4.26 through 
4.28 and the  GSC-2 profile is shown in Fig.  4.30. 

5.2 Kinetic power flux 

T h e  e x i t  plane velocity profiles derived in 
Section 4.3 were combined with the mass flux pro- 
f i les  described in Section 4.1 to yield t h e  kinetic 
power flux profiles. 
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c .- 

Figures  5.1 through 5 .3  show the  kinet ic  
power f lux profiles on  t h e  water-cooled constricted 
arc-jet for t h e  twelve operation conditions meas- 
ured. T h e  total kinetic power of the  exhaus t  as- 
suming cylindrical symmetry is obtained b y  

Y o p -  
1.0 0.8 0.6 0.4 0.2 0 0.2 0.4 0.6 0.8 

2 r0  U 

0 2 
PKE = 2~ J (pu) - r d r  

where PKE = total kinetic power 
ro = nozzle ex i t  radius. 

T h e  profiles s h o w n  in Figs. 5 .1  through 5.3 were 
graphically integrated over t h e  ex i t  plane a rea  and 
the  r e su l t s  a r e  presented in Tab le  5.1 .  Also  
shown in T a b l e  5.1 is the thrust power as  calcu- 
la ted from 

(3) 

where PT = thrust  power 
T = measured thrust  
r i i  = mass flow rate. 
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Fig.  5.1 Kinetic power flux profile 
on water-cooled arc-jet 
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F ig .  5.3 Kinetic power flux profile 
on water-cooled arc-jet 
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Table 5.1 Measured total kinetic power 
on water-cooled arc-jet 

'ower input 

(kW) 

20.7 

24.8 

30.5 

35.2 

20.9 

25.2 

30.4 

35.7 

20.6 

26.2 

29.8 

35.0 

l a s s  f low rate 
Ib/sec) x 10-4: 

3.63 

3.63 

3.63 

3.63 

4.02 

4.02 

4.02 

4.02 

4.50 

4.50 

4.50 

4.50 

l inet ic  powe 

(kW 

5.3 

6.4 

6.8 

7.8 

5.9 

6.7 

7 2  

8.0 

6.0 

6.9 

7.0 

7.9 

Thrust power 

(kW) 

5.3 

6.2 

7.4 

7.4 

4.9 

5.9 

7.1 

8.2 

4.9 

6.2 

6.9 

7.7 

T h e  total kinetic power should be  greater than 
the  thrus t  power by an amount equal  to t h e  non- 
uniform flow loss or profile loss. A s  shown in 
Tab le  5-1 the  kinet ic  power is above the thrus t  
power for e ight  of the  twelve conditions and be- 
low for the remaining conditions. Since negat ive 
profile l o s s e s  a r e  not physical ly  reasonable ,  the  
discrepancy no  doubt  l i e s  in the  experimentally 
measured ve loc i t ies .  T h i s  is not completely un- 
expected,  s i n c e  the  impact pressure from which 
the  ve loc i t ies  a r e  obtained is somewhat less than 
the momentum flux. For t he  Mach numbers en-  
countered at the  nozzle  ex i t  plane, the  error in 
equat ing t h e  impact pressure  to t h e  momentum 
flux is est imated at approximately 5 percent. 
Thus ,  t he  k ine t ic  power would b e  estimated 10% 
low due  to t h i s  effect .  

is ?15% and t h e  uncertainty in the thrust  power i s  
es t imated in Appendix A to be  +4%, then the  max- 
imum difference would b e  20% of the  nominal 
measured va lues .  Thus ,  i t  i s  es t imated tha t  the 
profile losses for the water-cooled arc-jet a re  l e s s  
than 4% of the  input power. 

Assuming t h e  uncertainty of the  kinetic power 

POWER BALANCE AT NOZZLE EXIT  PLANE 

I t  might a l s o  be  pointed out  tha t  the  uncer- 
tainty in the mass flux profiles ( a s  well as ex- 
trapolations in velocity) for radi i  greater than 
0.40 inches  will contribute to uncertaint ies  in 
kinetic power. 

f i l e  for the  GSC-2 regeneratively-cooled arc-jet. 
T h i s  profile was  integrated over the  ex i t  plane 
a rea  with a resul t ing total kinet ic  power of 14.2 
kW. T h e  thrust  power measured at the  30 kW, 
7.35 x 
kW. Thus ,  as  for some of the water-cooled arc- 
j e t  tests, the kinet ic  power is less than the 
thrust  power. If a 1 5  percent uncertainty in t h e  
kinet ic  power i s  assumed,  then the  kinet ic  power 
could b e  as much as 16.4 kW, and the  thrust  power 
could b e  as low as 15.0 kW assuming an  uncer- 
tainty of 4 percent. Thus ,  the  profile l o s s  is 
est imated to l e s s  than 1.4 kW which i s  4.7 per- 
c e n t  of the  input power. T h e  above calculat ion 

Figure 5.4 depic ts  the  kinet ic  power flux pro- 

l b / sec  operating condition w a s  15.6 

1.0 0.8 0.6 0.4 0.2 0 0.2 0.4 0.6 0.8 1.0 

Radial position (inches) 

Fig.  5.4 Kinetic power flux profile on GSC-2 
regeneratively-cooled arc-jet 
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represents  the  estimated maximum profile loss  
and is approximately the same for both arc-jets 
i n  terms of t he  input power; however, if w e  refer 
the profile l o s s  to the kinetic power i n  the gas  
the profile l o s s  for the GSC-2 arc-jet  i s  approxi- 
mately one half that of the water-cooled arc-jet. 
This  i s  seen  qualitatively in  the GSC-2 velocity 
profile (F ig .  4.20) which is more uniform than the 
water-cooled arc-jet  profiles (F igs .  4.17 t o  4.19).  

5.3 Frozen flow and thermal 
power flux 

Referring to the local power balance (Eq. 1) 
at the nozzle exit  plane and rearranging terms, 
we obtain; 

Since local mcasuremcnts of the total power 
'3 f l u x  (puht) and the kinetic power f lux  (pu '  1'2) 

have been obtained, a subtraction of these  two 
quantities will yield by Eq. 4 the local distribu- 
tion of the sumof frozen flow and thermal power 
f luxes .  

tion conditions on the water-cooled arc-jet  and the 
resu l t s  are shown i n  F igs .  5.5 through 5.7. Figure 
5.6 presents similar data  for the GSC-2 arc-jet .  

It is n o t d  that the total power invested in 
ionization and dissociation (frozen flow) and 
thermal modes can be obtained from gross meas- 
urements a s  soon as the kinetic power is spec i -  
fied; however, the significance of F igs .  5.5 
through 5.8 is the  manner i n  w h i c h  th i s  power 
loss  is tlistrihuted throughoul the flow. The  
rcsu l l s  int1ic;atc the distribution for the water- 
(~oolcd c.onstricted arc-jet is peaked on the jet  

This  subtraction was made for all the  opera- 

centerline and the peak becomes more pronounced 
as the power increased. The profile da ta  a l s o  
indicate that  increases  in power are  reflected 
throughout the profile in roughly a proportionate 

Radial position (inches) 

F i g .  5.5 Frozen and thermal power flux profiles 

on water-cooled arc-jet 

4 manner. For example,  at a flow rate of 3.6 x 10- 
lb / sec  incremental power increases  of 5 kW pro- 
duce a change of center l ine values  by a factor of 
roughly 1.6 w h i l e  thc values  a t  a radius  of 0.4 
inch increased by a factor  of roughly 1.4 .  
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Fig. 5.6 Frozen and thermal power flux profiles 
on water cooled arc-jet 

5.4 Thermal  power flux 

An es t ima te  of the thermal power c a n  b e  ob- 
tained if it i s  assumed tha t  t h e  measured exci ta-  
t ion temperature is the  electron temperature and 
tha t  t he  heavy par t ic les  (i.e., atoms, molecules, 
and ions)  a r e  in  a state of equilibrium at a differ- 
en t ,  bu t  common temperature. 

T h u s ,  t he  m a s s  dens i ty  is 

Me 

2 MH 
p = MH (NH + 2" + Ne + Ne - ) 

where MH = m a s s  of atomic hydrogen 
M e  = m a s s  of electron 

N H ~  = molecular number concentration. 

~ ~~~~ ~ ~~ 

POWER BALANCE AT NOZZLE EXIT PLANE 

Radial position (inches) 

Fig.  5.7 Frozen and thermal power flux profiles 
on water-cooled arc-jet 

And the  condition of charge neutrality 
(Ne = N+) h a s  been assumed. T h e  last term 
of Eq. 5 can  be neglected s i n c e  Me is much 
less than MH, therefore 

2 
If we  a s s u m e  further tha t  the  s t a t i c  pressure  as 
measured at the  nozz le  ex i t  is cons tan t  over t h e  
ex i t  plane a r e a  then  the  perfect gas relation g ives  

p MH (NH + 2" + fie) (6)  

Ps/k = (NH + NH + Ne) Ta + N e T e  (7) 
2 

where ps = static pressure at ex i t  p lane  
k = Boltzmann's cons tan t  
Ta = heavy par t ic le  temperature 
Te = electron temperature. 
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1.0 0.8 0.6 0.4 0.2 0 0.2 0.4 0.6 0.8 1.0 

Radial position (inches) 

F ig .  5.8 Frozen and thermal power f lux profiles 

on reg en era t i ve ly -coo I ed a r c- iet  

Noting tha t  

pi 
c i  = - 

P 

and ht  = 5/2 k T a  
he = 5/2 k T e  

Equation 1 can be rewritten a s  

where hH = enthalpy of atomic hydrogen 
h = enthalpy of molecular hydrogen 

H2 
The  quant i t ies  hH and h 

heavy particle temperature and can be represented 
by the expressions (Ref. 4) 

are  functions of the  
H2 

8 where C = 2.062 x 10 ergs/g O K  

f = -6.146 x l o l o  ergs/g 
p = 0.883 x 10 4 ergs/OK2 

q = 1.142 x I O 8  e rgs /g  O K  

r = -1.890 x 1010 ergs/g 

2 
Equations 6 and 7 can be solved for NH and NH 
a s  

and 

Substi tution of Eqs .  9,  10,  11, and 1 2  into Eq. 8 
resul ts  in  a cubic equation in T a  

3 PS 
{2p  p }  T a  f {2MH p (Ne  Te  - -) k 

2 
p (2q - C) + N e  [5/2k - C MH]) T a  + 

A 
{ N ~ ( B - - - M  2 H )  f + 

A 
NeTe [5/2k - ~ M H  (C - q)] + (2r - - - f - ht + 

2MH 

The  coeff ic ients  of the  powers of T a  in Eq.  13 may 
be calculated from the experimental measurements 
descr ibed in Section 4 ,  thus permitting the  roots of 
Eq. 13  t o  be computed. Upon obtaining the value 
of T a  from Eq.  13 the values  of NH and N may 

thus be determined. The  specif icat ion of T a ,  NH, 
and NH 

power f lux .  
Although E q s .  10 ,  11, and 12  will define NH,  

NH , and T a  once the values  of ps, p ,  ht, T e ,  U s  
an$Ne are  given,  an additional res t r ic t ion which 
m u s t  be sa t i s f i ed  i s  that NH and NH be non- 

negative.  If we  assume that the experimental 

H2 

permit the determination of the thermal 
2 

2 
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POWER BALANCE AT NOZZLE EXIT PLANE 

measurements of ps, p ,  h,, Te, and u are quanti- 
tat ively correct  then th i s  condition will  impose an  
upper and lower bound on t h e  va lues  of Ne- T h i s  
argument could also be applied to any  of t h e  meas- 
ured quant i t ies .  

the  water-cooled arc-jet  at the  3 5  kW, 3.6 x 
lb/sec operating condition were used to ca lcu la te  
Ta by Eq. 13. T h e  electron dens i ty  used in t h i s  
calculat ion w a s  1.1 x 1014 electron/cm3 which 
was  t h e  average of the  Langmuir probe and spectro- 
scopic  l ine broadening data.  Substi tution of t h e  
calculated value of Ta into Eq. 1 2  resulted in NH 
being negative.  

Since t h e  electron densi ty  measurements a r e  
considered the least zccwat .e ,  it w a s  assumed that  
the measured electron densi ty  was  low. An elec- 

yielded a negat ive value for the atomic number 
concentration. T h e  heavy particle temperatures for 
t h e s e  two cases were 1050°K and 1600%, re- 
spect ively,  thus  the electron densi ty  used in the 
solution of Eq. 13 d o e s  not produce a s t rong ef- 
fect on Ta and t h e  correct va lue  of Ne should be 
between t h e  above  Ne values .  

calculated for t h e  water-cooled arc-jet  operating 
conditions of 35 kW; 3.6 x low4 lb/sec and t h e  
30 kW, 4.0 x low4 lb/sec.  T h e  electron densi ty  
profiles used in these,  calculat ions were assumed 
to peak on t h e  center l ine at 1.1 x 1015 electron/ 
cm3 and 0.9 x 1015 electron/cm3, respectively.  

Figure 5.9 is a plot of the heavy temperature 
profiles obtained by the above procedure for the 
two operating conditions.  

of t h e  profiles of Fig. 5.9 and resulted in  va lues  
of 2.4 kW for t h e  35 kW condition and 2.1 kW for 
the  30 kW. T h u s ,  the thermal power loss repre- 
s e n t s  6.9% and 7% of the input power for the  two 
conditions.  

I t  is noted tha t  t h e  individual s p e c i e  concen- 
tration used in  t h e  above calculat ion may p o s s e s s  
cer ta in  errors d u e  to the manner in which t h e  
electron d e n s i t i e s  were chosen. However, it is 
expected t h e  effects of t h e s e  errors should not 

T h e  experimental  measurements obtained on 

2 

tron dens i ty  value of 1.1 x 1 0 l 6  electron/cm 3 

T h e  heavy particle temperature profiles were 

T h e  thermal power was  calculated using e a c h  
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Fig. 5.9 Calculated gas temperature profiles 
on water-cooled arc-jet 

significantly affect the  calculated thermal power 
s ince  the thermal power term as expressed in Eq. 1 
contains  all of t h e  number dens i t ies  and the val- 
ues  of hH and hH are roughly t h e  same. 

2 

5.5 Frozen flow power 

Although errors in the  va lues  of Ne and NH 
do not change the  thermal power estimate greatly,  
they d o  have a s ignif icant  effect on t h e  frozen 
flow power as calculated by Eq. 1. Consequently,  
estimates of t h e  frozen flow power flux based 
upon the calculated number dens i t ies  a re  not con- 
sidered valid.  

Subtraction of the est imated thermal power 
from the sumof thermal and frozen flow powers 
described in Section 5.3 for the 35 kW, 3.6 x low4 
and 30  kW, 4.0 x 
frozen flow power of 17.4 kW and 14.8 kW, re- 
spect ively,  for t h e s e  two conditions. T h e  frozen 
flow l o s s  for these  two conditions represents  50% 
and 49%, respect ively,  of the power input. 

lb/sec condition yields  a 
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6 Arc region flow properties 

T h e  preceding sec t ions  have described t h e  
experimental  measurements of thrustor perform- 
ance  and nozzle  ex i t  plane measurements. T h i s  
sect ion is concerned with a co:rc!ation of the 
flow properties at t h e  nozzle ex i t  plane with 
those  in t h e  arc  discharge region. 

6.1 Constricted arc thrustor 

Arc geometry - All t h e  30 kW arc- je ts  (other than 
t h e  GSC-2 arc-jet)  were of t h e  constricted a rc  
configuration. In th i s  design the  arc  discharge 
ex tends  from the  conical  cathode t i p  through t h e  
cons tan t  diameter region or constrictor and at- 
taches  to t h e  anode nozzle in the  divergent ex- 
pansion region. T h e  rat io  of constrictor diameter 
to constr ic tor  length w a s  one  half for all thrustors 
tes ted.  

Experiments performed in t h i s  and other lab- 
orator ies  have shown tha t  the  arc discharge 
through the  constr ic tor  is located on the  thrustor 
center l ine,  is constant  in diameter over the length 
of the  constr ic tor ,  and p o s s e s s e s  a radius  approx- 
imately equal  to one-half of the constrictor radius. 
T h e  attachment of the arc to the anode nozzle oc- 
curs  at a posi t ion s l ight ly  downstreamof the con- 
s t r ic tor  exi t .  T h e  s t a t i c  pressure measurements 
on t h e  MAC-7 (Section 4) arc-jet  indicated tha t  
t h e  at tachment  region is approximately 0.4 inch 
from t h e  constr ic tor  e x i t  and distributed over an  
ax ia l  length of less than 0.2 inch. 

T h e  hydrogen propellant i s  introduced into 
the  arc  chamber through tangent ia l  ports behind 
t h e  cathode and helps s tab i l ize  the  a rc  column 
along the thrustor centerline.  A small portion of 
the propellant p a s s e s  through the arc  and is 
heated to very high temperatures while t h e  major- 
i ty of t h e  propellant flows around the  arc  column 
and is heated by radial  conduction from t h e  col- 
umn. 
Arc f low properties - Since diagnost ic  measure- 
ments i n  the  constrictor region are  qui te  difficult  
to perform d u e  to the  high temperature environ- 
ment, analyt ical  methods will  b e  used to est imate  
t h e  flow properties in the arc  region. 

T h e  init ial  s t e p  required to ca lcu la te  t h e  gas 
dynamic properties at the nozzle  throat is t h e  
description of the s ta t ic  temperature profile at tha t  
location. T h e  most desirable  means of es tab l i sh-  
ing the  temperature distribution would be through 
solut ions of the continuity,  momentum and energy 
equat ions for the arc  discharge.  T h e s e  solut ions 
would relate  the local  properties (i.e.,  temperature, 
velocity,  densi ty ,  etc.)  in  the  arc column to t h e  
gross  measurements of a rc  current, arc  voltage,  
mass  flow ra te  and the  constrictor geometry. Ob- 
taining the  solut ions to the conservation equat ions 
is a formidable t a s k  and to da te  h a s  not been 
accomplished. Solutions to the  energy equat ions 
have been obtained by some invest igators  after 
making simplifying assumptions which normally 
uncouple the momentum equation from the  energy 
equation. 

Solutions for the temperature distribution in 
the arc  column region of a constricted arc  device 
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have been generated from an energy balance 
which equates  the ohmic heating rate t o  the rate 
of heat conducted radially out of the column. The  
solution of t h i s  model (Heller-Elenbaas) was ob- 
tained in Ref.  5 and in general ,  correctly predicted 
the main fea tures  of the energy transfer between 
the arc column and the gas .  However, for detailed 
calculat ions of the power within t h e  arc region, 
th i s  solution was inadequate. 

The  Stine and Watson (Ref. 6)  theory of the 
arc column a l s o  predicts t h e  temperature or en -  
thalpy distribution within the column region. 
This  theory t akes  into account an axial  convec- 
tion term i n  addition t o  the radial conduction and 
ohmic heating terms. A closed form solution of 
the energy balance equation is  obtained upon a 
linearization of the transport properties. T h i s  
linearization procedure resu l t s  in a good approx- 
imation for an air arc column for which the theory 
was originally applied; however, this is not the 
c a s e  for hydrogen in the range of enthalpies  con- 
sidered. In addition, measurements of the voltage 
gradient (Ref. 7) in the hydrogen vortex s tabi l ized 
arc sugges t  that the applicable region of the Stine 
and Watson theory is near the cathode region. 

a t  the end of the constrictor can be obtained by 
a measurement of the s t a t i c  pressure a t  the 
throat (Section 4) and several  assumptions con- 
cerning the flow. 

A qual i ta t ive estimate of the flow conditions 

e the constrictor flow is in a s t a t e  of thermo- 

e the s t a t i c  pressure i s  constant  ac ross  the 

e t h e  flow i s  sonic a t  the end of the con- 

A n  initial temperature profile a t  the end of the  
constrictor i s  then chosen. Th i s  profile i s  
selected such that  the temperature peaks in the 
center l ine,  p a s s e s  through a value of 6000°K a t  
the edge of the a rc  column chosen t o  be roughly 
0.6 of t h e  constrictor diameter, and decreases  to  
500°K a t  the constrictor wall. The  select ion of 
the above profile i s  made cons is ten t  with the 

dynamic equilibrium, 

constrictor diameter, 

s tr ic tor. 

approximate temperature solut ions described 
above. 

arbitrary s ince the total mass flow, power input, 
and thrust of the arc-jet  m u s t  be cons is ten t  with 
th i s  chosen temperature profile. 

T h e  density profile p(r) across  the con- 
strictor can be specified with the aid of t h e  
equilibrium tab les  once the temperature profile 
and s ta t ic  pressure are given. 

given by 

Th i s  temperature profile i s  not completely 

Since the flow i s  sonic ,  the g a s  velocity i s  

where  u(r) = g a s  velocity a t  radius (r) 
y = ratio of spec i f ic  hea ts  

p(r) = g a s  density a t  radius  (r) 
p = s t a t i c  pressure a t  end of constrictor. 

Thus ,  the mass flux profile i s  specif ied after 
the temperature profile and s t a t i c  pressure are  
prescribed. T h e  mass flow rate condition can 
then be checked by 

rO 
m = 2n J purdr 

0 

where  rh = total  mass flow rate  
ro = constrictor radius. 

For the temperatures encountered in the arc 
column region i t  is found tha t  the majority of the 
mass  flux i s  located outside of the a rc  column 
region and  consequently the temperature profile 
in th i s  region (i.e.,  from the edge of t he  arc  to  the  
wall) determines if Eq. 2 i s  sa t i s f ied .  It was 
found that  ra is ing the temperature in the  central  
arc region by a factor  of 3 produced only a sl ight 
effect  on the mass  flow relation. 

The  power flux profile i s  n e x t  determined by 

p u h t  = pu ( z  + hs) 

where  ht  = stagnat ion enthalpy 
hs = s t a t i c  enthalpy a t  temperature T 

(3) 
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T h e  s t a t i c  enthalpy i s  obtained from the  equilib- 
rium tables at t h e  s t a t i c  pressure and temperature 
for e a c h  radial  position. T h e  power in t h e  gas up 
to t h e  throat which should be approximaLely 85-90 
percent of the  input power i s  given by 

rO 
P i n  = 277 J puht  r dr 

0 
(4) 

where P i n  = power input. 
Calculat ions of t h e  power flux profile indicated 
the  majority of the  power flux is located within 
t h e  a r c  column region and therefore, t he  power 
input condition is sat isf ied by t h e  temperature 
dist:ibuticn within the  a rc  region. 

the following relation 
T h e  momentum flux at the throat must s a t i s fy  

where T = thrust  
px = nozzle  static pressure distribution 

A T  = throat a r e a  
A,, = nozzle  ex i t  area. 

F igure  6.1 presents  t h e  temperature profile, mass  
flux profile, and total enthalpy profile which were 
calculated for t h e  M.4C-7 measured operating 
c ond i t  ion. 

A s  shown in  Fig. 6.1, extremely high temper- 
a tures  a r e  es t imated in the  a rc  column region. 
T h e  high temperatures a r e  a consequence of t h e  
condition t h a t  only a small  fraction of t h e  power 
i s  carried in t h e  high mass  flux region around t h e  
a rc  column and that  t h e  flow is in  thermal equilib- 
rium. F o r  pressures  near 0.1 atmosphere,  it i s  
expected tha t  equilibrium should e x i s t  in a s t a t i c  
a rc  without a n  external gas flow. T h e  pressure 
at which departure from equilibrium conditions is 
ant ic ipated for a s t a t i c  a r c  i s  approximately 10 
to 20 torr. It i s  uncertain whether t he  same  cri- 
t e r i a  apply to the  constricted a rc  column exhaust-  
ing in to  a vacuum. 

It i s  noted tha t  es t imated profiles at t h e  throat 
a r e  based  upon a number of assumptions which 
may not be fully sat isf ied in the  actual  si tuation. 
T h e  assumption of thermodynamic equilibrium i s  
probably the  most s u s p e c t  and would a l te r  t h e  pro- 
f i l e s  markedly if not fulfilled. T h e  a r c  tempera- 
tures  a re  considered somewhat unreal is t ic  s i n c e  
radiation losses (neglected in the  ana lys i s )  would 
prevent t he  attainment of s u c h  high temperature 
values .  

Although the  est imated profiles a re  open to 
some quest ion,  it i s  fe l t  t ha t  they provide a 
qualitative picture of the  flow conditions at t h e  
throat provided thermodynamic equilibrium e x i s t s  
in t h e  constrictor flow. 
Comparison of throat properties w i t h  e x i t  meas- 

urements - Comparison of the  profiles at t h e  throat 
with t h e  experimentally measured e x i t  plane pro- 
f i les  (Section 4) indicate that  nozzle  expansion 
i s  qui te  removed from tha t  of a conica l  isentropic  
expansion. T h e  centerline s tagnat ion enthalpy 
d e c r e a s e s  by approximately a n  order of magnitude 
from t h e  throat to t h e  ex i t  plane and the concen-  
tration of m a s s  flow sh i f t s  from a n  approximate 
annular distribution at t h e  throat to a relatively 
uniformdistribution at the  ex i t  plane. An addi- 
t ional consequence of the  high temperature at t h e  
throat i s  t h e  attendant high centerline veloci ty  
which i s  greater than the  e x i t  plane veloci ty  by 
roughly a factor of 2.5. 

occur within the  nozzle expansion in order t ha t  
t h e  est imated throat profiles be cons is ten t  with 
the  measured e x i t  plane profiles. Given t h e  pro- 
files at t h e  throat,  mixing of t h e  high temperature 
center l ine flow with the  cooler outer flow must  
occur  by diffusion s i n c e  there a re  large concen-  
tration and  temperature gradients  in the  radial  
direction. T h u s ,  conditions which would promote 
mixing e x i s t  in t he  estimated throat profiles; how- 
ever,  t he  quest ion a r i s e s  of whether t h e  res idence  
time of the  gas within the  nozzle i s  long enough 
to allow for t h e  mixing required to make t h e  pro- 

It i s  apparent that  a rapid mixing of flow must  
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Fig. 6.1 Calculated profiles a t  constrictor throat of arc-jet 
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files at the  two s ta t ions  consistent.  
A knowledge of the  turbulent exchange coef- 

f ic ien ts  for t he  flow would allow a determination 
of t he  poss ib le  decay  in velocity and stagnation 
enthalpy as  the flow proceeds through the  nozzle; 
however, t hese  quant i t ies  a r e  not ava i lab le  for a 
supersonic hydrogen flow. 

Resolution of the  question could b e  attained 
through de ta i led  experimental measurements of 
the  flow conditions at the  throat of the constricted 
arc  - j et. 

D i s c u s s i o n  of results - Arc-jet operation in 
the  constricted a rc  mode r e su l t s  in a device  
which is less suscept ib le  to anode electrode 
damage since the anode attachment region 1s lo- 
cated in  t h e  divergent nozz le  region which 
s e r v e s  to effectively diffuse the  anode spot .  How- 
ever ,  there  a re  s ignif icant  l o s s e s  inherent i n  th i s  
mode of arc operation due  to non-uniformity, 
frozen flow, and thermal e f fec ts  which are  a re- 
s u l t  of the  la rge  temperature gradients in the  
throat region. It h a s  been suggested tha t  
operation in the  constricted arc  mode would 
r e su l t  i n  a very high temperature core flow 
having a high spec i f i c  impulse level ,  and a 
cooler outer flow of moderate spec i f ic  impulse 
with the  n e t  r e su l t  t ha t  higher frozen flow effi-  
c i ency  a s soc ia t ed  with t h e  central  core  region 
would of fse t  t h e  increased profile l o s ses .  T h e  
experimental r e su l t s  obtained at the  ex i t  plane 
s u g g e s t  tha t  t h i s  i s  not t he  case. A s  the power 
leve l  w a s  increased  at a cons t an t  flow ra te ,  thus  
effectively increas ing  the  central  core  tempera- 
ture ,  t h e  sum of the  frozen flow and thermal 
power f luxes  increased  ins tead  of decreas ing  as 
sugges ted .  It i s  most  likely tha t  the  majority of 
t h e  energy inc rease  given to the  central  core  
flow in the  constrictor i s  no t  converted in to  
directed k ine t ic  energy but i s  transferred to t h e  
cooler outer flow by mixing in the  nozzle. 

Fo r  a rc- je t  operation at high current l eve l s  
where the  h e a t  transfer d u e  to electron condensa- 

t ion at the  anode becomes the  c r i t i ca l  factor, t h e  
constricted a rc  mode is probably the  most desir-  
able arc- je t  configuration, while at lower current 
l eve l s  a device  which opera tes  with the  anode 
attachment upstream of the nozz le  throat  will 
produce a more eff ic ient  device .  

6.2 Semi-constricted arc thrustor 

T h e  GSC-2 regeneratively-cooled arc-jet 
(Fig.  2.5) incorporates what  i s  denoted as  a semi- 
constricted arc  configuration. In t h i s  des ign  the  
a rc  d ischarge  ex tends  from the  conica l  ca thode  
t i p  through a shor t  constrictor and a t t aches  to t h e  
s l ight ly  larger diameter arc  chamber wall  which 
is s i tua ted  upstream of the  nozz le  throat. 

cathode through tangential  ports as  in the  case 
of t h e  constricted a rc  design. T h e  propellant i s  
heated as it p a s s e s  through the  a rc  d ischarge  
and then i s  mixed to some exten t  in  the  arc  cham- 
ber before i t  p a s s e s  through the  nozz le  throat  
and the  divergent expansion region. 

th i s  arc- je t  indicate tha t  t h e  profiles of veloci ty ,  
total enthalpy, total power flux and sum of frozen 
flow and thermal power flux p o s s e s s  a higher de- 
gree  of uniformity than t h e  constricted a rc  con- 
figuration. 

T h e  overall th rus t  efficiency of th i s  arc- je t  
at a power input leve l  of 30 kW and a specific 
impulse level  of 1000 sec was  measured at 55% 
(Ref. 3). A th rus t  efficiency of 43% w a s  obtained 
on a radiation-cooled version of t h i s  arc- je t  (Ref. 
3). While a comparison of the  water-cooled con- 
s t r ic ted arc-jet performance i s  not applicable,  
d a t a  reported in  Ref. 10 resulted in  a thrus t  effi-  
c iency  of 407 for a radiation-cooled constricted 
a rc  thrustor operating at the  same  power input and 
spec i f ic  impulse. 

T h e  propellant en te r s  the  thrustor  behind the  

T h e  r e su l t s  of the  e x i t  plane measurements on 
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In view of the exit  plane measurements, it i s  
suggested that the higher performance of the semi- 
constricted arc thrustor is a resul t  of a lower non- 
uniform profile loss. The  increase in uniformity 
i s  most likely accomplished in the arc chamber 
mixing region upstream of the throat. 

Attachment of the arc anode spot  in the  high 
pressure arc chamber region of an arc-jet  i s  u s u -  
ally accompanied by high erosion rates  and a high 
probability of chamber wall failure due to  the con- 
centration of the anode attachment to a small  

surface area. The  GSC-2 arc-jet  configuration 
suffered from neither of these  problems. The  re- 
su l t s  of the velocity meter experiments indicate 
that there are  acoust ic  type resonances associated 
with th i s  arc-jet  which are generated in the arc 
chamber. Further investigation of th i s  phenom- 
ena i s  required. However, there i s  a strong indi- 
cation that the resonance conditions are  causing 
or are  a resul t  of the movement of the arc  anode 
attachment within the arc  chamber. 
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7 Conclusions 

7.1 Thrust measurement 

T h e  s ingle  pendulum thrust  s tand gives  reli- 
a b l e  thrust  measurements for radiation and water- 
cooled thermal arc- je ts  operating in the range of 
30 kW. T h e  accuracy of the  thrust  measurements 
was  *2%. 

T h e  combined measurements of thrust, mass 
flow rate ,  and power input g ive  specif ic  impulse, 
and thrust  efficiency va lues  within an estimated 
error of 2.5 and 4% respectively.  

a re  considered preliminary due  to t h e  large tare 
forces  assoc ia ted  with t h e  interaction of the  ap- 
plied magnetic field and t h e  steel vacuum cham- 
ber. 

T h e  thrust  measurements on the  MPD arc-jet  

7.2 Mass flux measurement 

T h e  local mass flux distribution can  be meas- 
ured in t h e  exhaus t  of a hydrogen arc-jet with a 
water-cooled copper probe under local stagnation 
enthalpy leve ls  u p  to 280,000 B/lb without physi- 
cal damage to the probe. 

with t h e  mass flux probe and the  volume collection 
technique have an  est imated accuracy of 2.5%. 

Comparisons of t h e  metered total  mass flow 
ra te  with t h e  integrated m a s s  flux profile yielded 

T h e  loca l  mass flux measurements obtained 

good agreement for a l l  tests. T h e  b e s t  agreement 
i s  obtained at the  high mass flow r a t e s  and when 
t h e  nozzle  boundary layer is small .  

7.3 Impact pressure measurement 

T h e  local  impact pressure distribution can 
be measured in  the exhaust  of a hydrogen arc-jet  
with a water-cooled copper probe under local  
s tagnat ion enthalpy leve ls  above 300,000 B/lb 
without physical  damage to t h e  probe. 

have an estimated accuracy of i 2%. 

integrated impact pressure profiles resul ted in 
good agreement for a l l  conditions tes ted.  

The  impact pressure probe measurements 

Comparisons of the  measured thrus t  and the  

7.4 Velocity measurement 

Arc-jet ex i t  plane velocity profiles can  b e  ob- 
tained by a combination of loca l  m a s s  flux and im- 
pac t  pressure measurements. 

T h e  accuracy of the  velocity measurements 
determined by the probe technique is est imated at 
10%. Approximately one  half of the  velocity un- 
cer ta inty is the resul t  of equat ing t h e  impact 
pressure to the  local momentum flux. 
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The  inherent light fluctuations in the  arc-jet  
exhaust  propagate a t  a velocity dependent upon 
the thrustor geometry. The  propagation velocity 
was c lose  to the exhaust velocity for the con- 
stricted arc thrustor. For the semi-constricted 
arc thrustor the propagation velocity was greater 
than the exhaust  velocity by an amount approxi- 
mately equal  to  the local  sonic  speed .  

The  measurement of exhaust  veloci t ies  by the 
photometric velocity meter technique resu l t s  in a 
lower than actual  velocity profile when the propa- 
gation velocity i s  equal to the exhaust  velocity. 
The  exhaus t  centerline veloci t ies  are approximate- 
ly 20 to 307 lower than the actual  veloci t ies .  This  
resul t  i s  inherent i n  the  experimental technique 
s ince  “ s ide  on” observation made through the 
total  exhaust  region serve to  average the measure- 
ments over the observation region. 

7.6 Excitation tempera ture  
measurement  

Qualitative measurements of the excitation 
temperature profiles a t  the arc-jet ex i t  plane can 
be obtained by the method of re la t ive l ine in- 
tens i t ies  applied to the hydrogen Balmerelines.  

An undetermined uncertainty i s  introduced 
in the excitation temperature profiles by the 
Abel inversion of the measured “ s ide  on” line 
intensi t ies  to radial in tens i t ies .  

7.7 Electron density measurement  
7.5 Stagnat ion  enthalpy measurement 

The local  stagnation enthalpy can be meas- 
ured in the exhaus t  of a hydrogen arc-jet  u s i n g  a 
water-cooled calorimeter probe under local s tag-  
nation enthalpy levels up to 275,000 B/lb with- 
out  physical  damage to the probe. 

The  stagnation enthalpy profiles measured 
were reproducible and had an estimated accu-  
racy of 5%. 

Comparisons of the measured power to the 
exhaust  flow and the integrated power f lux  pro- 
f i les  resulted in  a range of agreement between 
75 and 100% for all  conditions tes ted.  The ma- 
jority of the comparisons were within 90 to 100 
percent agreement. 

Improvement in maximum operating level of 
t h i s  probe could be accomplished by increasing 
the sampling diameter of the probe. 

Qualitative determinations of the electron 
densi ty  i n  the exhaust  plasma can be obtained 
through the u s e  of Langmuir probe and spectral  
l ine broadening techniques.  

was largely due to insuff ic ient  isolation of t h e  
probe from the  arc discharge.  

The  electron dens i t ies  determined from the 
spec t ra l  line broadening p o s s e s s  a large uncer- 
tainty because the Stark broadening effect  is not 
large at the measured dens i t ies  and a l so  because 
the integrated l ine shape  was used rather than  the 
inverted radial l ine shape.  

A need e x i s t s  for a more accurate  determina- 
tion of local electron concentrations which could 
be combined with the dens i ty ,  veloci ty ,  enthalpy 
and electron temperature to give the  neutral par- 
t ic le  concentrations within the  exhaust .  

T h e  uncertainty in the Langmuir probe da ta  
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re lat ively f la t  over the e x i t  plane diameter. T h e  
center l ine temperatures ranged from 4200° to 
2900°K with the edge temperature approximately 
1000°K lower in  magnitude. T h e  excitation tem- 
perature profiles in general  increased with in- 
creased bulk s tagnat ion enthalpy. 

T h e  profile of kinetic power flux peaked on 

I 7.8 Exhaust properties of  constricted, 

I MAC-5, MAC-7 
water-cooled arc-jets - MAC-4, 

If thermodynamic equilibrium e x i s t s  in the 
region of the  constrictor then a rapid mixing of 
the flow through the arc  and flow around the  
arc  column occurs  within t h e  expansion nozzle.  

7.9 Exhaust properties of semi- 
constricted, regeneratively-cooled 
arc- jet, GSC-2 

T h e  profiles of m a s s  flux, densi ty ,  and im- 
pac t  pressure possessed  a d i p  or minimum on t h e  
exhaus t  centerline.  T h e  impact pressure profile 
w a s  in contrast  to t h e  profiles on t h e  constricted 
arc  thrustor which peaked on t h e  centerline.  

thalpy peaked on the  center l ine however, the  
radial  gradients were not as large as for the  con- 
s t r ic ted arc thrustor. 

T h e  excitation temperature profile was  rela- 
t ively uniform with a center l ine temperature of 
4100°K and an  edge temperature of 3400'K. 

and the s u m  of frozen flow plus thermal power 
flux possessed  a flat or uniform distribution over 
the  central  flow region which contrasted with the  
profile of t h e  constricted arc  thrustor which 
peaked sharply on centerline.  

T h e  difference in performance of t h e  30kW 
radiation-cooled version of t h e  semi-constricted 
arc-jet  and the  radiation-cooled constricted a rc  
thrustor can  be attributed to lower profile l o s s e s  
assoc ia ted  with the former arc-jet .  

T h e  profiles of veloci ty  and s tagnat ion  en- 

T h e  total  power flux, t h e  kinetic power flux 
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8 Appendices 

Appendix  A Thrust stand 

Two thrust  s tands  were uti l ized in this  pro- 
gram. T h e  thrust  l eve ls  of t h e  two 30  kW radia- 
tion-cooled arc- je ts  (NAS-l, MAC-2) were meas- 
ured with a double pendulum thrust  s tand devel- 
oped under a previous contract ,  NAS3-3562. A 
s ingle  pendulum thrust  s tand designed and fabri- 
ca ted  during t h i s  program was used to measure 
t h e  thrust  of t h e  30 kW water-cooled arc-jet  
(MAC-5), the  30 kW regeneratively-cooled arc- 
j e t  (GSC-2), and t h e  water-cooled MPD arc-jet. 

Experimental apparatus 

A description of the double pendulum thrust  
s tand is presented in Ref. 9. Two modifications 
of this  th rus t  s tand were made during the  program 
which reduced t h e  zero shif t  to approximately 
0.015 l b  over a test duration of 1 hr. T h e  modifi- 
ca t ions  were the  replacement of s t e e l  support rods 
with Kovar rods,  and incorporating a cooling jack- 
et around t h e  force transducer.  

Figure A-1 is a ske tch  of the  s ing le  pen- 
dulum thrust  s tand.  T h i s  thrust  s tand was de- 
s igned for t h e  arc-jet  operation up to 200 kW, the 
ant ic ipated range of operation considered for the 
MPD hydrogen arc-jet. T h i s  sys tem is basical ly  
a s i n g l e  pendulum suspension system. A hori- 
zontal  arc- je t  mounting plate  is suspended by 

four Kovar flexures.  Displacement of t h e  mount- 
ing  plate  i s  limited by the  charac te r i s t ics  of a 
var iable  inductance force transducer which pro- 
d u c e s  an electr ical  s ignal  directly proportional to 
the  arc-jet  thrust. A double-walled water-cooled 
oi l  container maintains t h e  flexures and force 
transducer at a constant  temperature. T h e  ent i re  
sys tem is mounted on a 3 ft. diameter ver t ical  
vacuum system blank-off plate  and carr iage assem- 
bly which provides e a s y  access for adjustment,  
calibration, and thrustor mounting. 

Elec t r ica l  power i s  supplied to t h e  arc-jet  
through the  u s e  of copper bus bars which a re  
terminated in  mercury cups. Coolant water is 
supplied to t h e  arc-jet  through flexible Tygon 
tubing. 

jet i s  reduced by insulating a l l  components tha t  
were above ground potential. T h e  mercury sur- 
faces are covered with s i l icone fluid to prevent 
arcing. 

measurements of thrust ,  arc chamber pressure,  
vacuum chamber pressure,  arc  voltage,  arc current,  
propellant flow rate ,  and s t ructural  temperatures 
at severa l  points on the  arc-jet  and thrust  stand. 
All of the  parameters are recorded continuously 
during a test by a direct  readout oscil lograph. 

by means of a thin wire which is connected to t h e  
force transducer at the  arc-jet  center l ine and 

T h e  possibil i ty of arcing external to the  arc- 

Instrumentation of the sys tem is provided for 

Calibration of the  thrust  s tand is accomplished 
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Propellant line 

Coolant inlet for oi l  container 
Mechanical zero adjustment (typ.) 

Coolant outlet for oi l  container 

Flexure tension adjustment (typ.) 

support structur 

Force transducer 

Mercury contact 

Transite thermal shield 

homber pressure 

Silicone f luid lev 

\Radiation cooled arc-jet 

F ig .  A-1 Arc-iet single pendulum thrust stand 

p a s s e s  through the  blank-off plate  and over a pre- 
c i s ion  pulley. T h e  addition of a standard weight 
to the  wire s imula tes  a known thrust. 

Experimental procedure 

Thrus t  measurements were obtained ut i l iz ing 

Prior to installation in the vacuum system 
the  force transducer i s  removed from the 
thrust  s tand  and calibrated. 
After installation of the  transducer, instru- 
mentation, and cooling l ines  the ent i re  s y s -  
tem i s  calibrated in the atmosphere. T h e  
calibration curves are  compared to deter-  
mine if the  tare  loading of the  system i s  ac- 
ceptably smal l  and if the  response  of the 
transducer i s  linear. 

the following sequence: 

T h e  system i s  then ins ta l led  in  the  vacuum 
tank and the  tank i s  evacuated .  Another 
cal ibrat ion i s  made with the  sys t em evacu- 
a ted  and the  coolan t  flowing through the  
thrust  s tand .  T h e  arc- je t  was  then s ta r ted .  
T h e  s ta r t ing  procedure i s  descr ibed  in  
Section 2.6.  
Periodically during the  test, a cal ibrat ion 
weight i s  added which s imula tes  a known 
inc rease  in thrust. T h i s  check determines 
any  change  in sens i t iv i ty  which may have 
occurred due  to thermal loads  or changes 
in water pressure.  
After arc- je t  shutdown, another cal ibrat ion 
i s  made under vacuum conditions and com- 
pared with the  calibration which preceded 
the  test. 

T h e  thrus t  charac te r i s t ics  of the  various arc- je ts  
a r e  presented in Section 3. F o r  a l l  of the  30 kW 
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arc-jet tests the  thrust  measurements were repro- 
ducible  within t 2%. T h e  thrust  measurements on 
the  MPD arc- je t  resul ted in some d a t a  scatter and 
most  l ikely was  due  to ins tab i l i t i es  in the  arc  

= /-= 2.35 x or 2.5% 
mode. 

T h e  thrust  eff ic iency is calculated by Eq. 2 
T2 

Error analysis 

T h e  uncertainty in the  30kW thrust  measure- 
ments is considered to b e  i2%. T h e  total  pro- 
pel lant  mass flow ra te  is measured by a sonic  
nozz le  flowmeter. T h e  pressure and temperature 
upstream of the  flowmeter a re  used to ca lcu la te  
the  flow ra te  from the  relation 

T h e  uncertainty in 77thrust is 

77 

P 
m = C  - n 

where m =  mass  flow rate  
P =  upstream pressure - accuracy of 0.5% 

T = upstream temperature - accuracy of 1% 
C = calibration cons tan t  - accuracy of 1% Appendix B Mass flux probe 

Thus ,  t he  uncertainty in m is 

Ah 

= 1.50 x lo-* = 1.25 x = 1.25% 

T h e  power input  i s  the product of the  arc  voltage 
and arc current. T h e  current and vol tage a r e  
measured with a precision Weston voltmeter and 
ammeter with accuracy 1%. However, the  power 
supply  h a s  a small ripple which increases  the un- 
cer ta in ty  in the  power input to 2 2.5%. 

T h e  spec i f ic  impulse is calculated by Eq. 1 

T 

m 

Isp = - 

T h e  uncertainty in I is 
SP 

A mass flux probe w a s  developed for meas- 
uring mass  flux profiles at  the  nozzle  e x i t  plane 
of an  arc-jet. T h e  design chosen  to accomplish 
these  measurements was  a hollow tube device  
having a normal shock  inlet. A sharp  conica l  l i p  
was  used so tha t  a n  undisturbed s t reamline of the  
supersonic  exhaus t  equal  to t h e  probe in le t  a r ea  
would b e  captured. A measurement of the  gas 
flow ra t e  through the  probe with the  normal shock  
swallowed a l lows  the  product of the  s t ream 
veloci ty  and dens i ty  to be computed. 

Apparatus 

T h e  mass flux probe (Fig.  B-1) cons i s t so f  
a water-cooled inlet  tube,  a probe body, and a 
water-cooled sh ie ld  to def lec t  the  exhaus t  away 
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the  probe body. T h e  inlet  tube  is composed of 
two concentric copper tubes  which a r e  brazed to 
the copper inlet  lip. T h e  outs ide  diameter of t h e  
inlet  tube  is 0.750 inch. Water i s  directed to the  
inlet  l i p  by means of wire flow dividers located 
between the  concentric tubes.  

Several  inlet  l i p  geometries were t e s t ed  dur- 
ing the  experimental program. T h e  l i p  configura- 
tion shown in F ig .  B-2(a) w a s  used to measure 
the  m a s s  flux profile on the  GSC-2 arc- je t  and 
performed sa t i s fac tor i ly  in that  t he  integrated 
mass  flow was 97 percent of the  metered flow. 
Measurements with th i s  l ip  on the  MAC-4 arc- je t  
resulted in  70% agreement with t h e  metered flow 
rate. 

Water in Y 

Fig.  8-1 

64 

K S o l e n o i d  
~ valve 

le 
,210) 

1 1  I I _-_-, 

0 1 

Scale in inches 

Water-cooled mass flux probe 

0.048 

Braze joint 

(4 
Note - All dimensions are in inches 

F i g .  8-2 Inlet l ip configurations for mass flux probe 
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It was thought tha t  external and nternal l i p  
angles  were possibly preventing complete capture 
of the  normal shock ,  consequently t h e  l ips  shown 
in Figs .  B-2(b) and (c) were fabricated.  T h e  
internal angle  was increased to 15 degrees  for t h e  
l ip  shown in Fig.  B-2(b) and the external angle  
was  reduced to 2 0  degrees  for the l ip  shown in 
Fig. B-2(c). No improvement in the amount of 
flow captured was  realized with either of these  
configuration changes.  

P o s s i b l e  boundary layer development within 
the  inlet  flow tube was next investigated.  T h e  
flow tube was  shortened approximately o n e  inch 
and the inlet diameter was  increased to 0.453 
inch. T h i s  l ip  is shown in Fig.  B-2(d). T h i s  
modification resulted in a profile which integrated 
to 86% of t h e  metered flow on the  MAC-4 arc-jet. 
Since there  is a large boundary layer near the  arc- 
jet nozzle  wall  which is probably subsonic ,  it w a s  
concluded that  t h e  percentage agreement was  near 
the  maximum tha t  could be obtained with the  
probe. Visual  observations of t h e  normal shock 
during the  measurement in the  core  region of t h e  
je t  indicated tha t  the shock  was  captured. Thus ,  
the MAC-4 mass flux measurements were ob- 
tained with the l i p  shown i n  Fig. 2-B-d. 

flux captured by the probe. T h e  f i rs t  makes use  
of a s o n i c  flow nozzle  at the e x i t  end of the  
probe as a flowmeter. T h e  second method makes 
useof a volume collection system in which a 
sample is col lected for a measured length of time. 

Determination of the probe mass  flow ra te  by 
means of a s o n i c  flow nozzle requires a measure- 
ment of pressure  and temperature before t h e  choked 
nozzle.  T h e  ini t ia l  mass  flux measurements were 
made with a s o n i c  flowmeter located at the end of 
the  flow tube. T h i s  technique worked well in t h e  
core  region of t h e  exhaust ;  however, measurements 
could not b e  obtained at radii near the arc-jet  
nozzle  wall  d u e  to an  insufficient pressure rat io  
a c r o s s  the  nozzle.  For  t h i s  reason,  the collection 
method descr ibed below was used for a l l  t h e  
measurement reported. 

Two methods were used to measure the  mass 

Figure B-3 is a ske tch  of the volume col lec-  
tion system. T h i s  system c o n s i s t s  of a solenoid 
va lve  adjacent  to the mass  flux probe which al- 
lows flow into an 876.3 cubic  inch col lect ion tank 
for a given length of t ime recorded by a digi ta l  
counter. A 4 inch diameter, a i r  operated,  solenoid 
controlled valve was  used between the  collection 
tank and diffusion pump. T h e  volume collection 
tank  is evacuated by a 4 inch oil diffusion pump 
and a smal l  mechanical vacuum pump. 

Since the  temperature of t h e  gas enter ing the 
col lect ion tank is approximately at room tempera- 
ture and is constant  during t h e  col lect ion,  one can 
obtain from the  universal  gas law (pV = mRT) by 
differentiating with respec t  t.o t.ime 

d p  R T  dm 
d t  V d t  
. - = -  - 

where p = tank pressure 
T = temperature of col lect ion gas 
V = volume of collection tank 
R = gas constant  
m = mass of gas collected 
t = time 

or tha t  the mass flow ra te  (&) into the  probe is 

. V d p  m = -  - 
R T  d t  

where 

. dm m =  - 
d t  

Therefore,  the mass flow is a direct  function of 
the pressure slope. 

Figure B-4 i s  a typical  plot  of the pressure 
r i se  in the  collection tank as  a function of time. 
T h e  immediate sharp  r i s e  in the  pressure upon 
initiation of t h e  col lect ion is due  to the  mass  tha t  
accumulates in the  probe at the impact pressure 
of the  stream before t h e  solenoid valve is opened. 
I t  is important that  the col lect ion time be long 
compared to the init ial  r i s e  time. F o r  the flow 
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Solenoid va Ive 

Timing mechanism 

Air operated 
solenoid contro I led 

vacuum pump 

Fig. B-3 Mass flux volume collection apparatus 

Collecting t ime (sec) 

r a t e s  encountered in  t h e  MAC-4 e x h a u s t ,  a col lec-  
t ion t ime of approximately 20 seconds  reduced t h e  
error due  to the  ini t ia l  r i s e  to approximately 2 % .  

T h e  probe w a s  at tached to a water-cooled 
power driven rod which allowed a n  accura te  posi-  
t ioningof  t h e  probe at t h e  e x i t  plane and movement 
a c r o s s  a diameter  of the  exhaust .  

Technique of operation 

T h e  following procedure w a s  uti l ized for t h e  

T h e  probe w a s  positioned on t h e  center l ine 
of t h e  arc- je t  at approximately 0.0, "0 inch 

m a s s  flux profile measurements. 
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downstream of the  nozzle  e x i t  plane by 
means of a centering plug fitted to the  noz- 
z le  contour and t h e  probe inlet  lip. T h e  
centerline position w a s  then recorded on the 
probe actuator after which t h e  probe was 
moved out of t h e  exhaust  region. 

0 T h e  test chamber w a s  then sea led ,  evacu- 
ated and t h e  arc-jet  started.  All instru- 
mentation was  monitored to ascer ta in  when 
a s teady state condition of the  operating 
parameters prevailed. 

0 The probe was then moved into the exhaust  
region to the  position where a m a s s  flux 
measurement w a s  desired.  With the sole-  
noid valve adjacent  to the probe c losed ,  the  
col lect ion tank was evacuat td  to the 0.5 to 
2 micron pressure range. T h e  4 inch vacu- 
um valve adjacent  to the  diffusion pump 
was  then closed and the  solenoid valve 
jus t  downstream of the probe opened by 
means of the digi ta l  counting timer. T h e  
timing mechanism held the valve open for 
a predetermined length of t ime to col lec t  
a sample of the flow. T h e  collection t i m e  
w a s  controlled such  tha t  the pressure in 
the col lect ion tank did not exceed approxi- 
mately one-third of the impact pressure a t  
any particular position. If t h e  pressure 
rat io  a c r o s s  the  probe inlet  were not s u f -  
f ic ient ,  then the shockwould not b e  swal-  
lowed. 

0 After t h e  mass sample was  taken,  t h e  col- 
lect ion time, pressure and temperature are  
recorded. 

of 0.05 inch across  the  ex i t  plane and the  
procedure repeated. T h e  residence time at 
e a c h  radial  posit ion w a s  approximately 3 
minutes.  

0 T h e  probe was  then moved inincrements 

T h e  mass flow through t h e  probe at each  
radial  posi t ion w a s  then calculated by Eq. B-2. 

Consider  a d a t a  point 0.3 inch above the arc- 
jet center l ine obtained during a run with a propel- 
lant  flow ra te  of 4.0 x lo-* lb / sec  and power in- 

put of 30 kW. T h e  temperature in the  876.3 
col lect ion system was  542'R and the pressure 
increased 4.07 mmHg in 15.485 seconds.  For 
t h e s e  dimensional uni ts  the mass flow relation 
may be written as  

6 v (in.3) P (mmHg) 
Ifi = 2.103 x 10- 

T O R  t ( s e c )  

T h e n  t h e  mass  flow for t h e  above da ta  point is 

876.3 4.07 & = 2.103 x x = 8.936 x lb/sec.  
542 15.485 

where t h e  init ial  tank pressure is considered zero. 
T h e  mass  flux is the mass flow ra te  (A) 

through the probe divided by the  inlet  a r e a  of t h e  
probe which was 0.00363 in.2 when t h e  above da ta  
was taken. Therefore,  the mass flux i s  2.46 x 
lb / sec  in. 2 

Results 

T h e  resu l t s  of the  mass flux experiments on 
both GSC-2 and the MAC-4 arc-jet  a r e  presented 
in Section 4.1 of t h i s  report. 

Error analysis 

T h e  mass flux i s  calculated by 

P 4 K V  P m 
(B-3) 

T h e  estimated uncertainty in each of t h e  measured 
quant i t ies  is as follows. 

V = volume of collection tank 2 0.1% 
p = tank pressure at end of col lect ion ? 2% 
T = temperature of collected sample 2 0.2% 

din = probe inlet  diameter 2 1% 
t = collection time 2 0.01% 
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T h u s ,  t h e  total uncertainty in the  mass  flux meas- 
urement is given by: 

and subst i tut ing the individual uncertainties into 
Eq. B-4 r e su l t s  in 

- -  - 4 m - 4  = 2.25 x or 2.5%. 
PU 

Appendix C Impact pressure probe 

A water-cooled impact pressure probe w a s  
designed and fabricated for obtaining arc-jet  im- 
pact pressure profiles a t  the  nozzle ex i t  plane.  
For high Mach number flows, i t  can  b e  shown that  
t he  impact pressure is approximately equal  to t h e  
momentum flux of the  flow. T h u s ,  t h e  integral of 
t h e  impact pressure over the nozzle e x i t  plane 
should compare closely to the  measured thrust .  

Apparatus 

An impact pressure probe (Fig.  C-1) w a s  de- 
s igned and fabricated with two interchangeable 
t ips .  One t i p  i s  spherical  and the other i s  f lat  
faced. Both t i p s  have a 0.250 inch outs ide diam- 
e te r  and a 0.048 inch inlet diameter. T h e  t i p s  
were machined from solid copper s t o c k  and the  
f i rs t  braze joint  i s  about a half inch from the  n o s e  
tip. T h e  probe i s  completely water-cooled. A 
pressure transducer enclosed within the  probe 

r~ Spherical tip 7 Cooling 
water inlet 

I '  2 1  

F low 
-c 

Lpressure  transducer 

Cooling 

water outlet 0 1  - 
Deflection shield Scale - inches 

Fig. C-1 Sketch of impact pressure probe 

assembly w a s  used  to measure the  impact pres- 
su re  of the MAC-4 and MAC-5 arc-jets.  A pres- 
s u r e  gauge  was  used outs ide of t h e  vacuum tank 
in p lace  of the  transducer when impact pressures  
were obtained for the GSC-2 arc-jet. 

T h e  probe w a s  moved a c r o s s  the  arc- je t  noz- 
z l e  e x i t  plane by a motor driven s c r e w  actuator.  
I t  may b e  stopped at any  position. A s l i d e  wire 
posit ion indicator was  incorporated so tha t  t h e  
probe posit ion and pressure could be recorded on  
a n  oscil lograph trace.  

Technique of operation 

T h e  probe w a s  mounted on the actuator SO 

tha t  i t s  t i p  w a s  approximately 0.020 inch from t h e  
nozzle  e x i t  plane.  Init ially,  t h e  impact pressure 
profiles were obtained by  taking d a t a  points at 
0.010 inch increments.  In order to obtain finer 
de t a i l  near t h e  nozzle  wa l l s ,  t h e  s l i d e  wire posi-  
t ion indicator w a s  added and a cont inuous s w e e p  
w a s  made a c r o s s  t h e  nozzle  e x i t  plane.  A s t o p  
w a s  required at e a c h  d a t a  point for t he  GSC-2 
arc-jet  pressure profile b e c a u s e  of the  s l o w  re- 
s p o n s e  of t h e  pressure  gauge.  
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Resul ts  

T h e  impact pressure profiles obtained with 
the f la t  faced t i p  on both the water-cooled MAC-4 
and GSC-2 arc-jets a re  presented in Section4.2 
of t h i s  report. A number of profiles were obtained 
with t h e  spherical  t i p  which essent ia l ly  duplicated 
t h e  flat faced t i p  measurements. Figure C-2 pre- 
s e n t s  a typical  comparison of t h e  da ta  obtained 
with the two probe t ips .  T h e  changeof  s lope  of 
the pressure distribution near the  wall is more 
pronounced with the f la t  faced t i p  and i s  probably 
due to the  “cornering” of the  flow as the  outer 
diameter of the probe nears the nozzle wall. T h i s  
effect should be reduced with a spherical ly  tipped 
probe. 

Power 31.3 kW 
Ambient pressure 0.4 torr 
Arc chamber pressure 325 torr 

0 Flat face tip 

Power 31.4 kW 
Ambient pressure 0.4 torr 
Arc chamber pressure 329 torr 

1.0 0.8 0.6 0.4 0.2 0 0.4 0.6 0.8 1.0 

Radial position (inches) 

Fig. C-2 Effect of probe t ip on impact 
pressure profile (MAC-4 arc-jet) 

Error ana lys i s  

T h e  uncertainty in t h e  impact pressure meas- 
urements i s  j u s t  the  uncertainty in t h e  pressure 
transducer or pressure gauge. T h e  uncertainty in 
the  0-50 torr pressure gauge used for the GSC-8 
arc-jet  measurements was  20.5% s i n c e  t h e  pres- 
s u r e s  were near the f u l l  scale reading. T h e  un- 
cer ta inty in the  0-1 ps ia  pressure transducer used 
for the  MAC-4 arc-jet  measurements was 22%. 

Appendix D Photometric velocity meter 

T h e  object ive of th i s  s tudy  was  t h e  investi-  
gation of the feasibi l i ty  of determining the  exhaus t  
gas velocity profile of a hydrogen arc-jet  by photo- 
metrically sens ing  the l ight f luctuations inherent 
in the  luminous plasma flow. 

A general  character is t ic  exhibited by all arc- 
generated plasma s t reams observed in this  labora- 
tory is t h e  ex is tence  of random fluctuations in t h e  
intensi ty  of the  l ight emitted from the plasma. T h i s  
character is t ic  h a s  been observed in t h e  arc  and 
exhaust  regions of hydrogen, argon, nitrogen, and 
air  plasmas generated by a variety of arc- je ts  and 
arc-heaters.  T h e  frequency spectrum of the  fluc- 
tuations c o n s i s t s  of a large component at 360 
cycles / sec  which i s  d u e  to t h e  character is t ic  
power supply ripple and a continuous spectrum 
from near  kc /sec  to approximately 120kc/sec.  T h e  
relat ive magnitude of the  continuous component 
d e c r e a s e s  with frequency in  a nearly exponential  
manner. 

T h e  generation mechanism for t h e  high fre- 
quency fluctuations i s  not  presently understood; 
however, if the fluctuations propagate at t h e  speed  
of the  gas stream, then a measurement of t h e  pro- 
pagation velocity would b e  indicative of the  ex- 
haust  stream velocity. T h e  propagation velocity i s  
determined by s e n s i n g  the  fluctuations at two fixed 
s ta t ions  in the  arc-jet  exhaus t  and determining t h e  
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time required for the fluctuation to traverse the 
known d is tance  between s ta t ions.  The  significant 
feature of th i s  technique i s  that  the plasma stream 
is not physically d is turbed  by the measurement. 

Experimental apparatus 

A diagram of the velocity meter t e s t  arrange- 
ment i s  shown i n  Fig. D-1. The  apparatus is com- 
posed of two systems;  an optical system, and a 
s ignal  correlation system. The  optical system 
converts the light fluctuations into an electrical  
s ignal  and cons is t s  of the following: 

0 Two identical collimating tubes,  2 inches 

Three apertures and a lens  are located i n  
i n  diameter and 48 inches long. 

Photornu ltipl ier h 

70 

each collimating tube. Aperture 1 deter- 
m i n e s  the s i z e  of the plasma sample,  aper- 
ture 2 reduces s t ray radiation incident 
through aperture 1, and aperture 3 provides 
a light source for the lens  which dis t r ibutes  
the light over the photosensit ive cathode of 
the photomultipliers. 
Two photomultiplier tubes ,  which are located 
a t  the end  of the collimating tubes. The 
photomultiplier tubes have a response range 
of 3000 to 7500 angstrons with a maximum 
radiant sensi t ivi ty  of 0.6 amp/pwatt a t  4200 
angstroms. 

The  signal correlation system cons is t s  of two 
identical channels  which receive the photomulti- 
plier output s igna ls .  The  two s igna ls  are filtered 
and amplified and then applied to an analog s igna l  

To vacuum pumps 

adjust 

Fig. D-1 Velocity meter experimental apparatus 
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APPENDIX D PHOTOMETRIC VELOCITY METER 

correlator. The correlation system consists of the 
following components; 

Two continuously variable pandpass filters 
with frequency response of 20 cycles,’sec 
to 200 kc,’sec. The upper and lower cutoffs 
are independently adjustable. These filters 
have matched phase characteristics. 

approximatelj- 1 0  with .AGC circuits. These 
AGC circuits compensate for input varia- 
tions to give a constant rms output signal level. 

0 .A continuously variable delay line of 0 to 
12 microseconds with 0.1 microsecond reso- 
lution. 

0 .A true root-mean-square voltmeter for monitor- 
ing signal strength. 
.An analog signal correlator with frequency 
response of 5 to 100 kc,’sec, This unit may 
be operated in a Cos 8 ,  cross correlate, or 
auto-correlate mode. 
.A pen recorder for recording the correlator 
output. 

A photograph of the tes t  equipment is  shown 
i n  Fig. D-2. The optical system is mounted on an 
adjustable platform which permits vertical transla- 
tion for viewing different regions of the arc-jet ex- 
haust. .An angular adjustment of the downstream 
collimating tube is  also provided for sighting along 
expanding streamlines. 

Two amplifiers with closed loop gain of 

Technique of operation 

Prior to operation the velocity meter is  located 
perpendicular to the exhaust stream and the up- 
strpam collimating tube is sighted across a diam- 
eter approximately 0.1 inches downstream of the 
arc-jet nozzle exit. The separation distance be- 
tween viewing stations is determined by moving a 
small dc lamp along the centerline of the exhaust 
region past the viewing area of the collimators by 
means of a precision cross slide milling table. 
This procedure accurately defines the viewing 
area of each tube at  the centerline and also the 
separation between viewing stations. 

Fig.  D-2 Veloci ty  meter apparatus 

In operation, the frequencies between 20 and 
100 kc,/sec are divided into bands. The selection 
of these bands are made by means of the  variable 
band pass filters. With the arc-jet operating and 
the correlator operating in a cross correlate mode, 
t h e  R?fS level of each photomultiplier output 
through the band pass filter is  adjusted so that 
the signal strengths applied to the correlator inputs 
are equal. The delay line is varied in t h e  phase 
leading input until the correlator output passes t h  
through a maximum. This procedure will define a 
cross correlation curve which mathematically may 
be expressed as  (Ref. 11): 

T 
1 n  

Ex)’(r)  = - J x(t)  y ( t+ r )d t  
2T 

-T 
where Rxj,  ( r )  = cross correlation function 

Y (t) = signal input .A 

v (t) = signal input B 
T = magnitude of time delay 
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The period -T to-+T i s  the  correlator integration 
time (approximately three seconds) ,  and r ,  the 
delay time, i s  varied in the range of 0 to  12  micro- 
seconds.  A typical curve defined by this process 
will be 

X Y  

Delay time (7) 

As the two s igna ls  are brought “ in  phase” by 
varying r ,  R X y  ( r )  wil l  pass  through a maximum. This  
value is designated io. on the figure. This  pro- 
cedure i s  repeated for all  frequency bands in 
which the fluctuation power spectral  densi ty  i s  
suff ic ient  to give a t  l eas t  a min imum signal  strength 
a t  the correlator inputs. 

g le  (upstream) photomultiplier output. The  auto 
correlation i s  performed in t h e  same frequency 
bands a t  which the cross  correlation output was 
performed. This  function, mathematically ex- 
pressed i s :  

Signal auto-correlation i s  achieved with a sin- 

1 T  
R x x ( r ) = - f  x ( t ) x ( t + r ) d t  

2T- T 
(D-2 

where  R X X ( r )  = auto correlation function 

x ( t )  = signal  input A applied to both 

= magnitude of time delay 
A typical curve defined by this process will 

correlation inputs 
r 

be : 

Rxx 

Delay time (7 )  

When auto correlating, the s igna ls  are “in phase” 
a t  r = 0 and therefore, Rxx ( 7 )  is maximum a t  T =  0. 

The  above auto-correlation cross-correlation 
procedure i s  usually repeated for the frequency 
bands in which the fluctuation power spec t ra l  
densi ty  i s  suff ic ient  to  give at  l ea s t  a minimum 
s igna l  strength into the correlator. The  c ross  
correlation functions are then plotted on a graph 
ve r sus  time delay to determine the peak of the 
curve. 

The  velocity of propagation of the light in- 
tensi ty  fluctuations which i s  assumed to  be the 
stream velocity i s  computed from the equation 

u = d / r o  (0-3)  

where  u = velocity (ft /second) 
d = aperture gap separation (feet) 

ro = time delay a t  maximum cross  correlate 

Together the auto-correlation and cross-corre- 
output (psec)  

lation functions def ine  an index of s ignal  similar- 
ity a t  each frequency band. This  index of s ignal  
similarity i s  defined by 

Rxy ( r =  rc) )  

Rxx ( r =  0 )  
I =  (D-4) 

System Calibration 

T h e  experimental determination of the tra- 
versal  time ( ro)  requires  that  the two s igna ls  re- 
ceived at t h e  correlator input correctly descr ibe 
the variation of l ight intensi ty  with time. Thus 
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i t  i s  imperative for meaningful resu l t s  tha t  the  
two channels  composed of photomultipliers, 
f i l ter  and amplifiers d o  not time sh i f t  t h e  s ignals .  

A calibration of t h e  velocity meter apparatus 
was obtained uti l izing a Kerr Cel l  to provide a 
10 to 60 kc light source.  T h e  arrangement for t h e  
Kerr Cel l  bench tests is shown in Fig.  D-3. A 
s ingle  l ight source was  passed  through t h e  Kerr 
Cell to both velocity meter channels  thus supply- 
ing an “in-phase” lifht s igna l  to e a c h  photomul- 
tiplier. Cross-correlation and s igna l  similari ty 
d a t a  were then measured to determine phase 
sh i f t  and s ignal  degradation character is t ics  of 
the  equipment. 

T h e  resu l t s  of th i s  investigation indicated 
tha t  for certain gain se t t ings  and tube supply 
vol tages  the  photomultiplier tubes were over- 
driven caus ing  a relat ive phase  sh i f t  of the s ig-  

Recorder 

nals .  In addition, no ise  generated in the photo- 
tubes caused some s ignal  degradation. T h i s  
s ignal  degradation was  variable and dependent 
upon t h e  amount of light striking t h e  photomul- 
t iplier cathode. 

T h i s  investigation establ ished the operat- 
ing  envelope of t h e  apparatus  over which the  
relat ive phase  sh i f t  of t h e  two channels  was 
zero. 

Velocity measurements 

Propagation velocity measurements were ob- 
tained on a 30 kW radiation arc- je t  (MAC-3), a 
water-cooled arc-jet  (MAC-4) and the regenerative- 
ly-cooled arc-jet  (GSC-2) .  

n Lamp source-, 

Kerr  c e l l  0-28 VDC 

0-2000 v P-P 
0-75 kC 

0-2000 VAC P-P 
0-75 kC 

0-8000 VDC 

Recorder 

Fig. D-3 Experimental arrangement for Kerr-cell calibration 

Kerr c e l l  0-28 VDC 

0-2000 v P-P 
0-75 kC 

0-2000 VAC P-P 

0-8000 VDC 

0-75 kC 

Fig. D-3 Experimental arrangement for Kerr-cell calibration 
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D e l a y  t ime at 

rnax, Rx, (7 ) 
mi c r o s ec a n8s ) 

3.15 
3.40 
3.38 
2.60 
2.70 

MAC-3 Arc-iet 

Calculated 
centerl ine 

( f t  /s ec ) 

43,000 
40,000 
39,900 
52,500 
50,400 

Five  centerline velocity measurements were 
obtained on th i s  arc-jet which are presented in 
Table  D-1. 

51,000 
51,000 
51,000 
64,000 
64,000 

Table D-1 Velocity meter data on MAC-3 arc-jet 

39-49 0.78 
61-75 0.83 
75-95 0.83 
39-49 0.65 
61-75 0.74 

tag nat i on 

ent ha I py 

The  cross  correlation function v e r s u s  delay time 
had a well defined maximum and allowed a deter-  
mination of ro to the nearest  0.02 microsecond. 
The  index of signal similarity determines how ac- 
curate the value of ro can be ascer ta ined.  

MAC-4 arc-jet 

Figures D-4 through D-8 depict  velocity pro- 
file da ta  on the MAC-4 arc-jet  for power levels  of 
21.4, 21.0, 26.6, 31.4, and 36.5 kW a t  flow ra tes  of 
4 .0  x and 4.5 x lb/sec.  Calculated 
velocity profiles obtained from measurements of 
the mass flux and momentum flux profiles (Sect. 4.3) 
are a l s o  plotted on Figs. D-4 through D-8 for com- 
parison purposes. The velocity meter da ta  i s  gen- 
erally lower on the centerline and exhibits greater 
sca t te r  than the probe data. 

The data  sca t te r  is attributable to the low 
index of s ignal  similarity measured on this arc-jet. 
Figure D-9 is a plot of index of s ignal  similarity 
for various arc powers and mass  flow rates.  Veloc- 
ity data  could not be obtained a t  conditions where 

74 

- 

Power input 21.4 k W  
Mass f low rate  4.0 x Ib/sec 

A V e l o c i t y  meter 21.5 kW 
V e l o c i t y  meter 21.3 k W  

o Impact pressure and moss f lux  probe 

170 - MAC4 - VM 
- 

177 - MAC4 - VM 

1.0 0.8 0.6 0.4 0.2 0 0.2 0.4 0.6 0.8 1.0 
Radial  position (inches) 

Fig. D-4 Velocity profile on MAC-4 water-cooled 
arc-jet 

60 x 10 

50 

h 

U 

2 40 
1 
Y v 

x 
U 
+ .- 
- 0 30 
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20 

10 

-11- - - r -  
Power input 20.8 k W  

- M a s s  f low rate 4.5 x Ib/sec 

1.0 0.8 0.6 0.4 0.2 0 0.2 0.4 0.6 0.8 1 .O 
Radial position (inches) 

F ig .  D-5 Velocity profile on MAC-4 
water-cooled arc-jet 
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50 x 
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U 
al 
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- 
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169 - MAC4 - VM 

1.0 0.8 0.6 0.4 0.2 0 0.2 0.4 0.6 0.8 1.0 

Radial position (inches) 

Fig. D-6 V e l o c i v  profile on MAC-4 water-cooled 
arc-jet 

Power input 31.3 kW 
Mass f low rate 4.5 x Ib/sec 

A Veloc i ty  meter 32.4 kW 
0 Veloc i ty  meter 31.6 kW 

Impact pressure and mass flux probe 
-- --- ~--- 

L 1  
Above Below ~ 

_c --__ centyrline centerline I 

-L--&L 
-=Nozzle exit diameter ~4 fl 

1 ,  , I I I I I 1 1 1  J 
1.0 0.8 0.6 0.4 0.2 0 0.2 0.4 0.6 0.8 1.0 

Radial position (inches) 

F ig .  D-7 Velocity profile on MAC-4 
water-cooled arc-jet 

1.0 0.8 0.6 0.4 0.2 0 0.2 0.4 0.6 0.8 1.0 

Radial position (inches) 
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Fig.  D-9 I,, v s  arc power on MAC-4 
water-cooled arc- jet 

Fig. 0-8 Velocity profile on 
MAC-4 water-cooled arc-jet 

A 4.37 x Ib/sec 
0 3.75 X Ib/sec 4.62 10-4 Ib/sec 

Mass flow rate 

-J 4.06 x Ib/sec 
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20 22 24 26 20 30 32 34 36 38 40  

Arc power (kW) 

Report E368 . March 1966 

- 

MCDONNELL 75 



APPENDIX D PHOTOMETRIC VELOCITY METER 

I 
X Y  

functions did not maximize sharply. It i s  noted 
tha t  low values  of I are  in some part d u e  to deg- 
radation caused by photomultiplier noise  however, 
Ixy i s  very sensi t ive to the arc-jet  operating 
parameters. 

was l e s s  than 0.4 s ince  the cross-correlation 

X Y  

GSC-2 arc-jet 

Figures D-10 and D-11 present the velocity 
profiles obtained on the GSC-2 arc-jet  for power 
levels  28.3 and 31.3 kW respect ively a t  a mass 
flow rate of 7.4 x lb/sec.  The  centerline 
veloci t ies  for 28.3 k W  power level range from 
46,000 to 51,700 f t / sec  giving a mean percentage 
deviation of ?5.2%. The  center l ine veloci t ies  for 
the 31.3 k W  power level range from 47,100 to  
51,600 f t /see giving a mean percentage of k4.6'3 
The average centerline veloci t ies  for the 28.3 
and 31.3 k W  power levels  are 48,900 and 49,300 
f t / sec  respectively. This  gives  a velocity dif- 

Run no. 186 GSC-2 V M  
Power input 27.67-28.85 kW 
Hydrogen f low ra te  7.40-0.45 x Ib/sec 
Chamber pressure 927-937 torr 

T a n k  pressure 0.13 torr 
Frequency band 75-95 kc 

6 0 x  l o 3  

5 0  

2 40 

h 
U 

I 
x 30 

Y v 

+ .- 
U 

al 
0 20 

10 
> 

0 

- 

Radial position (inches) 

Fig. D-10 Velocity profile on GSC-2 arc-jet 

3 6 0 x  10 

sa 
h 

V 2 40 

E 30 
I 

: 20 

' 10 

x + .- 
- 
al 

0 

181 GSC-2 VM Run no. 

Power input 30.99-31.65 k W  
Hydrogen f l o w  rote 7.32-7.40 x Ib/sec 
Chamber pressure 960-972 torr 

Tank  pressure 0.14 torr 
Frequency bond 39-49 kc 

75-95 kc 

1.0 -0.8 -0.6 -0.4-0.2 0 0.2 0.4 0.6 0.8 1.0 

Radial position (inches) 

Fig. D-11 Velocity profile on GSC-2 arc-jet 

ference of 400 f t / sec  between the two power leve ls  
According to specif ic  impulse da t a ,  there should be 
an average velocity d i f fe rence  of 1000 f t / sec .  The  
measured veloci t ies  therefore, show no s ignif icant  
dependence or power. 

T h e  mass  flux and momentum flux profiles 
measured on the GSC-2 arc-jet  were  combined to 
give a velocity profile. Figure D-12 shows this 
profile and a l so  a smooth curve of the measured 
velocity meter  da ta  for the 31.3 k W  operating 
condition. The  velocity meter da ta  i s  higher 
than calculated da ta  by 10,500 f t / sec  a t  the cen-  
terl ine and 5,200 a t  0.4 inches off center l ine.  The  
vacuum specif ic  impulse measured for this oper- 
a t ing  condition was 970 s e c .  Since the actual  
spec i f ic  impulse may be from 2 to 4'5 lower than 
the vacuum spec i f i c  impu l se  the average velocity 
of the exhaus t  should be between 30,600 and 
30,000 f t / sec .  T h e  average velocity of each  of 
the profiles presented in Fig.  D-12 can obtained. 

76 MCDONNELL  port E368 . March 1966 



APPENDIX D PHOTOMETRIC VELOCITY METER 

60 x 

h 

U 
0 u) 

> 
?= 
x 
U 
0 
al 

+ .- 
- 
> 

Fig. D-12 Calculated velocity profile 
on GSC-2 arc-jet 

rO 27r J (pu) urdr 
- 0 
u =  (D-5) .. 

purdr 
0 

where Ti = average velocity 
u = loca l  velocity 

pu = mass flux 
ro = nozzle  e x i t  radius  

T h e  average veloci ty  was  calculated by th i s  re- 
la t ionship us ing  the  measured mass flux profile 
and extrapoIating the  two curves to zero at the 
nozz le  radius  as shown. T h e  average velocity 
of the veloci ty  meter profile was 34,800 ft/sec, 
and 29,300 ft/sec for the  profile calculated from 
t h e  probe da ta .  Thus ,  i t  appears  tha t  the calcu- 
la ted profile s a t i s f i e s  the average velocity con- 
dit ion bet ter  than the veloci ty  meter data. 

T h e  index of s ignal  similari ty for GSC-2 
measurements were considerably higher than for 
the  MAC-4 arc-jet  ranging from 0.85 to 0.98. 

Arc-i et  I i g ht f I uctu ati on frequency analysis 

A s e r i e s  of power spectral  dens i ty  (PSD) 
measurements of the  inherent l ight f luctuations 
emanating from the arc-jet  exhaus t  were made 
to es tab l i sh  the  relative magnitude of the  various 
frequencies piesent.  The  da ta  were obtained by 
recording the  phototube s ignal  output on tape and 
then performing a power spec t ra l  densi ty  ana lys i s .  
T h e  phototube was sighted at, t h e  intersection of 
the  nozzle  ex i t  plane and the center l ine a x i s  of 
the  exhaust .  T h e  range of frequencies recorded 
was  4 to 200 kc,/sec. 

MAC-4 arc-jet 

Figure D-13 presents  the (PSD) anqlysis  ob- 
tained on the MAC-4 arc-jet  for power inputs of 
20, 25, 30, and 35 kW for a mass  flow ra te  of 3.6 
x 10-4 l b i s e c .  T h e  relative magnitude of e a c h  
frequency component decreases  nearly exponen- 
t ia l ly  as the frequency i s  increased and increases  
as the power level i s  increased.  T h i s  plot is 

Moss f low rate 1 
2 0.4 

- 0.3 
-c 0.2 

c - - 20 kW 
----- 25 kW 

0 > 
0 
m 
U 

0 
> 
r" 0.1 
CY 

0 
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Fig. D-13 Centerline power spectral density 
analysis of MAC-4 arc-jet 
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0 

representat ive of the (PSD) ana lyses  obtained at 
different flow ra t e s  on the MAC-4 arc-jet. T h e  
character is t ic  shape  i s  a l s o  typical of other arc- 
jet thrustors where the arc p a s s e s  through the  
nozzle  throat. 

- 

- -  

4 -- 
I c I 

0 10 2 0  30 4 0  5 0  60 70  60 90 

GSC-2 arc-jet 

Figure D-14 presents the (PSD) ana lys i s  
taken on the  GSC-8 arc-jet  for power inputs of 
34.6, 27.6, and 31.4 k\l’ respectively at  a tank 
background prespure of 0.18 torr and a hydrogen 

4 flow ra te  of 7 . 3  x 10- lb,’sec. A s  shown there 
are 3 peaks in the  (PSD) curve tha t  a re  integer 
multiples of the  lolver peak frequency and these 
peaks a re  shifted as a function of power input. 
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F i g .  D-14 Centerline power spectral density analysis 

of  GSC-2 hydrogen arc-jet 

A (PSD) ana lys i s  of t h e  s ignal  - after t h e  f i l t e rs  

a l s o  contain the  peak components.  To deter- 
mine the  effect of background pressure on the  
(PSD) analysis  t he  background pressure was  
raised to 0.29 torr at a power input of 30.8 kW. 
Figure D-15 shows t h e  effect of background. 
T h e  s l igh t  sh i f t  i s  mostly d u e  to thrustor warm- 
up  s i n c e  the  lower background test w a s  made 
ju s t  after “light-off” and the  higher background 
test was  made some 20 minutes later. 

Several  tests were made with argon, helium, 
and nitrogen as the propellant to discern the  ef- 
fect of molecular weight changes  on the  GSC-2 
frequency spectrum. T h e  operation t imes were 
held short  (1 to 2 minutes) so tha t  t he  thrustor 
would not b e  damaged d u e  to the  lower cooling 
capac i t i e s  of t h e s e  gases compared to hydrogen. 
T h e  (PSD) a n a l y s e s  for argon and helium showed 
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F ig .  D-15 Centerline power spectral density analysis 

of GSC-2 hydrogen arc-jet 
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no peaks however, these peaks were observed 
during nitrogen operation as  shown in Fig. D-16. 
The fundamental frequency occurred at  4.4 kc/ 
sec and the harmonics were all integer multiples 
of the fundamental frequency. 

The fluctuations i n  the arc voltage of the 
GSC-2 arc-jet were recorded with an oscillo- 
scope (Fig. D-17) for power inputs of 23.9,25.9, 
and 29.5 kW for a hydrogen flow rate of 7.4 x 10-4 
lb/sec. The magnitude and frequency of the fluc- 
tuations are the same as observed on the PSD 
recordings. The magnitude of these fluctuations 
are large (200 volt peak to peak). 

Analysis of the results of the GSC-2 experi- 
ments suggest that the peaks in the PSD analy- 
sis are a result of some acoustic-like disturbance 
i n  the arc chamber. The harmonics occurring at 
integer multiples of the fundamental frequency 
indicate that this acoustic disturbance is in the 
resonance in the arc chamber similar to a closed 
tube in resonance. The increase in fundamental 
frequency with increasing power supports the 
above argument since the speed of sound in- 
creases as the eEfective arc chamber temperature 
is raised due to a power increase. The fluctua- 
tions i n  arc voltage should be coupled in  frequency 
to any acoustic disturbance in the arc chamber 
since the arc voltage is quite sensitive to the 

1 229 - GSC2 - VM 

I \  I I 

F requency  (kc/sec) 

F i g .  0-16 Centerline power spectral density analysis 

of GSC-2 nitrogen arc-jet 

Power = 23.9 k W  
50 vo l ts /cm 
20 p sec/cm 

Power = 25.9 kW 
50 vo l ts /cm 
20 ,u sec/cm 

Power = 29.5 k W  
50 vo l ts /cm 
20 p sec/cm 

Fig. D-17 Arc voltage fluctuations in the GSC-2 arc-jet 
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chamber pressure. The observations that the back- 
ground pressure does not change the frequency of 
the peaks also suggests that the disturbances are 
occurring i n  the arc chamber. The effect of molec- 
ular weight is also consistent with acoustic reso- 
nance picture since an increase i n  molecular 
weight should decrease the fundamental frequency. 
The fundamental frequency observed during hydro- 
gen operation was 17.5 kc/sec at 24.6 kW and i f  
i t  assumed that the temperature i n  the arc chamber 
during the nitrogen and hydrogen test was the 
same, then hydrogen fundamental should be related 
to the nitrogen fundamental as: 

% ‘ N 2 = ( 2 )  fH2 

where f N  = fundamental frequency of nitrogen 

= fundamental frequency of hydrogen 
2 

fH2 
M N ~  = molecular weight of nitrogen 

M H ~  = molecular weight of hydrogen 

Assuming also that both gases are completely 
disassociated then: 

17.5 = 4.7 kc/sec 

The measured nitrogen fundamental of 4.4 kc/sec 
is in  good agreement in  view of the assumptions 
made. The lack of the resonant phenomena for 
argon and helium is not presently understood; how- 
ever, the existence of the resonant condition may 
depend on the total arc voltage which for hydrogen 
and nitrogen was above 150 volts but for argon and 
helium was between 50 and 70 volts- 

Discussion of results 

80 

The results of the velocity meter measure- 

ments on the MAC-4 arc-jet indicate that for 
this thrustor the propagation velocity of the 
light fluctuations is the same as or close to the 
local jet velocity. The comparisons of the 
velocity meter profiles with the calculated pro- 
files, which are considered the correct velocity 
profiles, were in relatively good agreement. The 
majority of the velocity meter data were within 
20% of the calculated data. Some of the devia- 
tion is due to the fact that the velocity meter 
does not “see” a point i n  the plasma but rather 
a cross section. Thus, the velocity that is meas- 
ured represents dn “average” over the view re- 
gion. It is most likely that this “average” is 
weighted with respect to the local light intensity 
over the section of plasma observed. Conse- 
quently, i f  the actual velocity profile is peaked 
on the centerline, the velocity meter profile 
should be less peaked because of the “averag- 
ing’* process, as is the case. 

The results of the velocity meter measure- 
ments on the GSC-2 arc-jet yielded a profile 
considerably above the calculated profile which 
agreed well with the specific impulse value and 
is considered quantitatively correct. The (PSD) 
analysis of the GSC -2 arc-jet revealed the 
existence of large resonant peaks, characteristic 
of an acoustic disturbance i n  resonance with the 
arc chamber. In view of the above, it is suggested 
that the propagation velocity of the light fluctua- 
tions as  measured by the velocity meter is equal 
to the local jet velocity p lus  the local sonic 
speed. The major component of the signal received 
by the velocity meter phototubes was composed of 
the peak even after filtering and since the peaks 
are believed to be caused by acoustic disturbances 
then it is reasonable to suspect that the fluctuations 
are propagating at the acoustic speed with respect 
to the local gas velocity. 

This argument explains the difference between 
the velocity meter profile and the calculated pro- 
file since a subtraction of the sonic velocity would 
bring the two profiles i n  close agreement. 
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Error analysis 

T h e  uncertainty in the  propagation velocity 
due  to inherent uncertaint ies  of the  measured 
traversal t i m e  and separat ion d is tance  i s  

T h e  accuracy of the  separat ion d i s t ance  measured 
was 21%. T h e  accuracy of the  t raversal  time 
measurement i s  a function of how well  defined is 
the maximum of the  cross-correlation function, 
which in turn i s  re la ted to the  index of s igna l  
s i m i  lari ty  . 

For the  MAC-4 arc-jet the  index of s igna l  
similarity was  low (0.40 < Ixy < 0.75) which 
resul ted in an est imated accuracy of the  t raversal  
time of 277 .  Thus ,  for the  MAC-4 arc-jet 

"= d-= 7.06 x 10-2 or 7% 
U 

For the  GSC-2 arc-jet, the  range of Ixy was  0.85 
to 0.98 which improved the  accuracy of the trav- 
e r sa l  time to 2%. 

Thus  for the  GSC-2 arc-jet, 

Conclusions 

T h e  r e su l t s  of the  photometric velocity ex- 

(1) A measurement of the  propagation velocity 
peri men ts indicate:  

of the  light f luctuat ions can  b e  used to infer t he  
gas exhaus t  velocity. 

(2) T h e  thrustor charac te r i s t ics  (most prob- 
ably the  a rc  chamber geometry) determine the re- 
la t ionship between g a s  exhaus t  velocity and 
propagation velocity. 

(3) T h e  propagation veloci ty  i s  t he  same as 
or very c l o s e  to the  gas veloci ty  for the  water- 
cooled arc-jet of the  constr ic ted arc design 
(MAC-4). T h e  velocity meter technique provided 
velocity profile measurements within 20% of the 
ac tua l  gas velocity profile. 

(4) T h e  propagation veloci ty  is equal  to the  
sum of the local  j e t  veloci ty  plus  the  local  sonic  
speed ,  for the  regeneratively-cooled arc- je t  
(GSC-2). T h e  propagation veloci ty  measured on 
th i s  arc- je t  i s  considered accura te  to 2 5%. 

Appendix E Stagnation enthalpy probe 

T h e  purpose of th i s  work w a s  the development 
of a device capable  of measuring the local  stag- 
nation enthalpy profile in the  exhaus t  of a 30 kW 
hydrogen arc -j et. 

A calorimetaic dev ice  w a s  chosen  to accom- 
pl ish these  measurements which cons i s t s  of a 
hollow tube probe through which a sample of the  
supersonic  s t ream is col lected.  T h e  sample is 
cooled within the probe to near  room temperature 
and then passed out  of the  probe through a sonic  
flow nozzle. T h e  total energy per unit time 
enter ing the probe is accounted for by measur- 
ing  the temperature r i s e  and flow rate  of the  
probe cooling water and t h e  total temperature of 
the exi t ing gas. T h e  mass flow ra te  of gas 
col lected by the  probe i s  obtained through a 
measurement of the  gas temperature and pressure 
upstream of the  sonic  flow nozzle. 

A knowledge of the  total energy per unit t i m e  
and the  gas flow rate  i s  suff ic ient  to define the 
s tagnat ion enthalpy of the  col lected sample. T h e  
product of s tagnat ion enthalpy and mass flux 
will def ine the total  power flux of the  flow and 
an  integration of the  loca l  power flux profile over 
t he  nozzle  ex i t  plane a reas  will g ive  the  total  
power in the exhaus t  flow at the  ex i t  plane lo- 
cation. 
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A check  of the enthalpy measurements can  be  
obtained by comparing the integrated value of 
power in the exhaust flow with independent meas-  
urements of the power input and power l o s s e s  to 
the  thrustor. Assuming cylindrical  symmetry, t he  
following equation should b e  sat isf ied if t he  en- 
thalpy measurements a re  correct. 

rO 
P i n  - Ploss = 2n J pu ht r dr (E- 1) 

0 

where Pin = power input (B,/sec) 

PIoss = power l o s s e s  (B,'sec) 
u = local mass  flux at nozzle  ex i t  

9 plane (1 b/sec-in. ') 

ex i t  plane (B/lb) 
ht  = local s tagnat ion enthalpy at nozzle  

ro = nozzle ex i t  plane radius (in.) 

Ex per i men t a I apparatus 

Figure E-1 i s  a drawing of the  stagnation 
enthalpy probe. This  probe design evolved from 

Water inlet 

Water outlet 

Sonic f low nozzle 

Thermocouple lead 7 

Water outlet 

Pressure tap 
0 1  
W 

Scale - inches Water inlet 

F ig .  E-1 Total enthalpy probe 

previous developmental  work on an enthalpy probe 
carried out  under NASA contract  NAS3-3562 re- 
ported in Ref. 9. T h e  probe c o n s i s t s  of two cool- 
ing sys tems,  an internal cool ing sys tem in which 
the  captured g a s  i s  cooled and i t s  energy content  
and m a s s  flow ra te  a r e  measured and,  an ex terna l  
cooling sys tem which sh ie lds  t h e  internal sys tem 
from the  exhaus t  environment. 

an in le t  tube,  a son ic  flow nozzle  and an internal 
probe body. T h e  copper in l e t  tube i s  double- 
walled with water flow dividers  leading to the  
conical  lip. T h e  in le t  l ip  diameter i s  0.075 inches  
and h a s  an external half angle of 20' and an in- 
ternal half angle of 5'. T h e  son ic  flow nozzle  
i s  fabricated from type 321 s t a i n l e s s  s t e e l  and 
h a s  a throat diameter of 0.060 inches.  T h e  son ic  
flow nozzle  i s  instrumented with a pressure port 
and three chromelalumel thermocouples for 
measurement of t h e  upstream pressure and tem- 
perature. Figure E-2 presents  t h e  mass  flow 
calibration as a function upstream pressure and 
temperature for t h e  son ic  flow nozzle.  T h i s  
calibration was  performed by the  McDonneJl Cali-  
bration Laboratory and was  obtained with a 
G.K. Porter  70 cc. posit ive displacement  flow- 
meter. T h e  est imated accuracy of mass flow 
calibration w a s  5 3 %  of the  mass  flow. T h e  inter- 
na l  probe body accepts  both t h e  in l e t  and out le t  

T h e  internal cool ing sys tem i s  composed of 

c 
U 

pup ( t o r r ) / J V 6  

Fig. E-2 Calibration of the enthalpy probe nozzle meter 
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water and i s  instrumented with a three thermo- 
couple junction in each water passage.  T h e  
thermocouples are connected in s e r i e s  to form 
a thermopile and are  used to obtain t h e  r i s e  in 
t h e  cooling water temperature. T h e  cooling 
water flow ra tes  are  recorded with conventional 
rotometer gauges located outs ide of the  vacuum 
tank. 

T h e  external cooling sys tem i s  connected to  
t h e  internal system by means of a threaded tef- 
ion s l e e v e  and completely surrounds the  internal 
system. T h i s  system has  a replaceable  t ip  which 
c o n s i s t s  of a double-walled cylinder with water 
flow dividers leading to the conical  lip. The cop- 
per l ip  inlet  diameter is 0.076 inches and has an 

external half angle  of 45' and an internal half 
angle of 30°. 

During assembly the internal system is 
threaded into the  external sys tem until  e lectr ical  
continuity i s  es tabl ished.  T h i s  occurs  as t h e  two 
inlet  l ips  come in contact;  the  internal sys tem is 
then withdrawn slowly until  continuity i s  broken. 
T h i s  procedure ensures  tha t  there i s  no direct  
thermal conduction path between the  two systems.  

An actuator mechanism was designed and 
fabricated to accurately posit ion the  enthalpy 
probe in t h e  arc- je t  exhaust .  T h i s  mechanism 
c o n s i s t s  of a power driven, water-cooled shaf t  on 
which the enthalpy probe i s  mounted. The actu- 
ator shaf t  is positioned in the  3 ft. diameter test 
sect ion through O-ring seals in the top and bot- 
tom a c c e s s  ports and both probe and actuator 
are electr ical ly  isolated from the vacuum chamber. 

Experimental procedure 

2 .  

3. 

4. 

center l ine posit ion was  then recorded on 
the  probe actuator. 
T h e  probe was  then moved to a position 
approximately 6 inches  off the  arc-jet  
center l ine and the  cooling water sys tems 
were activated.  
T h e  test chamber w a s  then sea led  and evac-  
uated and t h e  arc-jet  started.  All  instrumen- 
tation w a s  then  monitored to ascer ta in  when 
a s teady-s ta te  condition of t h e  opening pa- 
rameters prevailed. 
T h e  probe was  then moved into t h e  arc-jet  
exhaus t  to t h e  center l ine position. T h e  
water flow ra te  to the  internal cooling s y s -  
t e m  w a s  adjusted until the  temperature 
differential  was  approximately 15  to 20°F. 
T h e  pressure and temperature before the  
flow nozzle  were then recorded after which 
the  cooling water flow ra tes  were recorded. 

5 .  T h e  probe was then moved a c r o s s  the ex i t  
plane in increments of 0.05 inches.  At  
e a c h  position t h e  procedure of 4 was re- 
peated. T h e  residence t ime at e a c h  posi- 
tion was  approximately 5 minutes 

T h e  parameters which are  measured at each  
radial  position are: w, the  cooling water flow ra te  
to the internal cooling system, AT, the  tempera- 
ture r i s e  of the internal system cooling water, 
Tex, the  temperature of the gas at the  probe exi t ,  
p, the  gas  pressure upstream of t h e  flow nozzle.  

P' The  mass flow ra te  of gas through the  probe & 
is obtained from the nozzle  calibration curve 
(Fig.  B-2) for the  measured p and Tex values.  T h e  
s tagnat ion enthalpy is then calculated by t h e  fol- 
lowing relation 

(E-2) 
T h e  procedure used to perform the  stagnation 

1. T h e  probe was  positioned on the  centerline 
of the  arc-jet  at approximately 0.020 inches 
downstream of the  nozzle  ex i t  plane by 
means of a center ing plug fitted to the noz- 
z l e  contour and t h e  probe inlet  lip. The  

enthalpy measurements was  as follows: 

Stagnation enthalpy measurements 

Stagnation enthalpy profile measurements were 
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obtained on a regeneratively-cooled arc-jet (GSC-2) 
and a water-cooled arc-jet (MAC-5), both of which 
are described in Section 4.4 of this report. Also 
presented in  Section 4 is a comparison of the in-  

The uncertainty in h t  in terms of the individual 
uncertainties is 

Aht -I(" [W (Tin-Tout) + c p T e x y +  t~yl' tegrated power f lux  profiles and the measured 
power in the gas. ht w (Tin-Tout) + CpTex 

- -  

The difference between integrated power flux 
profile and the measured power to the gas is 

with increasing bulk exit enthalpy. The cause 
of this trend is not presently understood. Although Thus, 
the difference is significant at the low power 

greatest at the 20 kW power level and decreases NOW CpTex << w (Tin-Tout) 

Aw (T;,-T,,~) + C~T, ,  = A W  (Tin-Tout) levels, the comparisons are considered in good 
agreement i n  light of past experimental measure- w (Tin-Tout) + CpTex w (Tin-Tout) 

+ 

ments of stagnation enthalpy i n  arc-heated plasma 

profiles are quantitatively correct and that the 
difference between the integrated power flux 
profile and the measure power to the gas is due 

py values. 

streams. Furthermore, it i s  suggested that the A (CpTex) 

w (Tin-Tout) 

and since A(C T ) > CpTex P ex to an inaccuracy in  the magnitude of the enthal- 

Error analysis 

The stagnation enthalpy is calculated using 
Eq. (E-2) 

ht = W(Tin-Tout) + C T P ex 

P m (E-3) 

which consists of several measured quantities, 
each of which have independent errors. The esti- 
mated uncertainty i n  each of the measured quanti- 
ties is as follows: 

w = cooling water flow rate, 

ToUt-Tin = cooling water temperature r ise ,  
accuracy ?2% 

Therefore, 

A h  
-'= 4 1 7  x = 4.12 x or 5 percent. 
ht 

Appendix F Spectrophotometer 

Spectrophotometric observations were made at 
the exit plane of the MAC-5 and GSC-2 arc-jet. 
The purpose of these measurements was the deter- 
mination of the excitation temperature profiles. 
The method of relative spectral line intensities 

rise, accuracy ? 2% 

* 1% 

t 3% 

Tex = exit gas temperature, accuracy 

in P = gas mass flow rate, accuracy 

84 Report E368 . March 1966 MCDONNELL 



APPENDIX F SPECTROPHOTOMETER 

was used to obtain t h e  excitation temperatures. 

from the spectral line shapes and t h e  number of 
distinguishable lines in  the spectrum for the 
MAC-5 arc-jet. 

Average electron densities were also inferred 

Theoretical considerations 

Exci ta t ion temperature - The method of rela- 
tive line intensities is based on the assumption 
that the time averaged intensity of the radiation 
emitted at a particular wavelength from an opti- 
cally thin plasma is given by 

where In, = time averaged intensity 
Nn = number of atoms in state n 

En,= energy emitted as  a result of the 
transition from state n to state m 

An, = Einstein transition probability 

Since En, equals h c / h m ,  Eq. (F-1) can be 
written 

hc Nn Anm 
Inm= Xnm (F-2) 

where hm = wave length of emitted radiation, 
h = Planck constant 
c = velocity of light. 

If it is assumed that the population of excited 
states obeys Boltzmann’s law (Ref. 12), then 

where No = total atom density 

gn 
U(T) = partition function 

En = energy of state n 

= statistical weight of state n 

k = Boltzmann’s constant 
Tex = excitation temperature 

(F-3) 

The transition probability An, can be written i n  
terms of the oscillator strength for emission 
(Ref. 13) as 

8n2he2 
Anm = . fnm 

Me‘ X2nm 
(F-4) 

where fnm = emission oscillator strength 
e = electron charge 

Me = electron mass 
Combining Eqs. (F-2, F-3, and F-4) gives: 

For the Balmer series, kvhich was used for the 
temperature measurements in this work, it is more 
convenient to use the absorption oscillator 
strength instead of the emission oscillator 
strength because the statistical weight is then 
constant. Making this substitution and taking the 
logarithm of Eq. (F-5) to the base 10 gives 

‘mn I ex  

where f,, = absorption oscillator strength. 
.A plot of 

Inm x 3 nm 

fmn 
versus En log10 

should therefore be a straight line, the slope of 
which is inversely proportional to the tempera- 
ture. The existence of a straight line plot pro- 
v ides  a partial check on the assumptions used in 
obtaining the above equations. These assump- 
tions were: 

.The plasma is optically thin; 
0 The population of excited states obeys 

Boltzmann’s law, with a unique  excitation 
temperature at each radial position exhaust; . The oscillator strengths as calculated by 
non-relativistic quantum mechanics are 
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valid in t h e  plasma environment. 
It should b e  noted tha t  i t  i s  poss ib le  to ob- 

ta in  a s t ra ight  l ine  plot even  though thermodynamic 
equilibrium d o e s  not e x i s t  local ly  in  the  exhaust .  
In th i s  case the  temperature measured would b e  t h e  
excitation temperature of t h e  exci t ing par t ic les  and 
would not  b e  t h e  only temperature of t he  plasma. 

Since i t  i s  t h e  purpose of th i s  work to meas- 
ure radial  temperature profiles,  i t  is necessary  to 
know In, as  a function of radial  posit ion in the  ex- 
haust.  Observations a r e  made normal to t h e  a x i s  
of the  exhaus t  as  shown in Fig.  F-1. Cal l ing t h e  
intensi ty  measurements made in th i s  manner Fn,(y), 
and assuming cylindrical  symmetry, w e  can  write 

T h i s  is t h e  Abel equation for Inm(r) and h a s  t h e  
solution (Ref. 14) 

d 

which is t h e  intensity required to compute radial  
temperature values .  Since t h e  Fnm(y) d a t a  will 
not  in  general  f i t  some e a s i l y  recognizable  func- 
tion i t  is necessary  to perform t h e  integration in 
Eq. (F-8) numerically. A computer program 
No. 22-10 h a s  been written by t h e  MAC 1620 
Computer Group which performs t h i s  integration. 

E x i t  p lane 
c ross  sect ion 

L i n e  of 
observat 

- X  
ion lI(y)l 

Fig.  F-1 Sketch of observation geometry 

Since  only relat ive intensi ty  measurements 
are required to determine t h e  s l o p e  in  Eq. (F-6), 
t h e  intensi ty  can  b e  measured relat ive to a 
source  of known spec t r a l  radiance.  Intensi ty  
measurements were made with a photomultiplier 
tube calibrated with a tungsten s t r ip  lamp. In 
t h i s  case then 

(F-9) 

where RL and R S  a r e  t h e  responses  of t h e  photo- 
multiplier tube to t h e  spectrum l ine  and t h e  s tand-  
ard lamp respect ively,  and IL and 1s a r e  t h e  inten- 
s i t i e s  of t h e  spectrum l ine  and s tandard lamp re- 
s pecti  vely . 

exhaus t  plasma can  be ca lcu la ted  by determining 
t h e  degree  of spec t r a l  l ine  broadening d u e  to t h e  
Stark effect .  Stark broadening a r i s e s  from t h e  
effect of t h e  ion and electron microfields on t h e  
energy l e v e l s  of the  atoms. 

Griem, Kolb and Shen (Ref. 15) have  calcu-  
la ted t h e  Stark broadened profiles of t h e  Balmer 
p and 6 spec t ra l  l i n e s  of hydrogen for var ious 
electron dens i t i e s .  In th i s  work t h e  l i ne  profiles 
S ( a )  were descr ibed as a function of a ,  a re- 
duced wavelength given b y  

Electron dens i ty  - T h e  electron dens i ty  of 

X - Xo 
a =  

1.253 x lo-' Ne2l3 
(F-10) 

where a = reduced wave  length 
= wave  length of unperturbed l i ne  

X =wavelength 

By not ing t h e  va lue  of a at which S ( a )  i s  o n e  half  
its maximum value,  and des igna t ing  th i s  value a ; ;  
w e  c a n  write 

(AX)); = 8 U I /  1.853 x 10- 9 Ne 3,/3 (F-11) 
, 2  

where ( A X ) ; ;  is t h e  full width of t h e  spectrum l ine  
at o n e  half of i t s  maximum value.  T h e  solution of 
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Eq. (F-11) h a s  been  obtained by Hill  (Ref. 16) 
for a wide range of electron dens i t ies  and electron 
temperatures and h a s  published tab les  of electron 
dens i t ies  as a function of ( A h ) y  for various 
electron temperatures. 

may be determined is t h e  Teller Inglis method 
(Ref. 12). T h i s  spectroscopic  technique also 
ut i l izes  t h e  effect of Stark broadening applied to 
l ines  of t h e  Balmer ser ies ;  however, it is the  
number of resolvable  spec t ra l  l ines  tha t  are of 
in te res t  rather than the  individual l ine  widths. 
T h e  wave length at which t h e  Stark broadened 
spec t ra l  l ines  converge into a continuum will b e  
less than t h e  wavelength for convergence of the  
unperturbed spec t ra l  s i n c e  the  l ine broadening 
increases  with electron densi ty .  

centration is related to t h e  principle quantum num- 
ber  of t h e  state from which a transit ion to n = 2 
state produces t h e  last resolvable  Balmer l ine  by 

2 

A second method by which electron dens i t ies  

In t h e  Tel le r  Inglis method the  electron con- 

loglo 2 Ne = 23.3 - 7.5 loglo nmax 

where Ne = electron densi ty  
= quantum number of last resolvable nmax 

Balmer l ine.  

Experimental apparatus 

T h e  spectrophotometer used w a s  a Baird 
Atomic three-meter concave-grating spectrometer,  
having a modified Eagle mount design. T h e  grat- 
ing h a s  15,000 l ines/inch, which g ives  a disper- 
s i o n  of 5.6 A/mm i n  the  first order. T h e  instru- 
ment is equipped with a 20 inch camera which 
permits photographing a 2840 A range. For making 
spectrophotometric observations the spectrometer 
was  modified so tha t  a 1 P 2 1  photomultiplier tube 
could b e  swept  a c r o s s  the 2840A range at  speeds  
between 10.65 A/min and 1065 A/min. T h e  output 
of t h e  photomultiplier tubes is recorded on a 0-1 
microamp two channel  s t r i p  char t  recorder. In- 

0 

0 

0 

corporated in t h e  phototube s w e e p  mechanism is 
a s l i d e  wire res is tor  and wiper which t races  t h e  
location of t h e  photomultiplier tube on the  same 
s t r i p  char t  recorder which records t h e  phototube 
response.  

T h e  opt ical  arrangement is shown in Fig. 
F-2. T h e  exhaus t  was viewed through quartz 
windows mounted in the vacuum chamber and the  

along arc-jet (& and 
vertical motion) 

-Vacuum chamber 

Quartz viewing port 

20.0 in. focal length 
lens; 0.812 in. diameter 

Spectrometer entrance slit 
(75,~ wide x 0.031 in. high) fcpw tube Photomultiplier (1P21) 

- 
Fig. F-2 Spectrometer optics 
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l ine  of observation was  varied by moving the arc- 
jet in the  ver t ical  direction by means of adjust-  
a b l e  platform within the  vacuum chamber. 

Experimental procedure 

T h e  procedure used in taking d a t a  was  as 

T h e  arc-jet exhaust  was focused on the 
entrance s l i t  of the  spectrometer. 
T h e  image of the ex i t  plane was  aligned 
with the entrance s l i t ,  and then the arc-jet  
was  moved 0.031 inch so tha t  the l ine of 
observation was 0.031 inch from the ex i t  
plane. 
T h e  H g ,  H,,, €18, and HE l ines  were scanned 
at a particular y position. T h e  y position 
was  then changed by moving the  arc-jet  
vertically.  The  d is tance  between each y 
position was  0.062 inch. T h e  position of 
t h e  photomultiplier tube was  recorded on 
the same s t r ip  char t  t race on which t h e  
spectrum l ines  were traced. 

ex i t  plane had been traversed. 

s t r ip  lamp was  placed on the  arc-jet center- 
line. T h e  phototube response to this  cal i -  
bration lamp was then recorded at the wave 
lengths  of t h e  four Balmer l ines .  

follows: 

T h i s  process  was repeated until the  ent i re  

After shut t ing off the  arc-jet, a tungsten 

Calculations 

Exci ta t ion temperature - After having ob- 
tained spectral  l ine  t races  and calibration t races  
it i s  necessary  to measure the area under the 
spectrum traces .  T h i s  was done with a planim- 
eter.  T h e  relative spectral  l ine intensity was  
calculated using t h e  equation shown below. 

where IL = integrated relat ive l ine intensity 
RS = phototube response to standard lamp 
Is = spectral  radiance of standard lamp 
K = constant,  dependent  upon the  wave 

length of spec t ra l  l ine,  t h e  speed  at 
which t h e  l ine  is scanned,  and a scale 
factor. 

A = Planimeter a rea  
I~ x3 

Upon obtaining IL, t h e  quantity - is plotted 
versus  y. A typical  plot  of f 

1 ~ x 3  
versus  y 

f 

is shown for the  Balmer 0, A, 6, and E l ines  in 
Fig. F-3. A smooth curve is fitted to th is  d a t a  
and the  points read from th is  curve a re  introduced 
into the  Abel computer program to yield values  of 

~3 - 
f 

as a function of radial  posit ion which a re  a l s o  
shown in Fig. F-3. T h e  resu l t s  of e a c h  of the  
four Balmer l ines  observed are  used to make a 
Boltzmann plot at e a c h  radial  posit ion.  T h e  ex-  
c i ta t ion temperature i s  obtained from t h e  s lope  
of t h i s  plot  which i s  shown in the  lower curve of 
Fig. F-3 

below t h e  s t ra ight  l ine  through t h e  y ,  6 ,  and E 

d a t a  points on the Boltzmann plots.  
Electron density - T h e  electron densi ty  meas- 

urements determined by Stark broadening were ob- 
tained by measuring the  full widths of t h e  hydrogen 
0 and l i n e s  at one  half of t h e  maximum value  and 
referring to t h e  Tables published by Hill  (Ref. 16). 
For  t h e  d e n s i t i e s  reported an electron temperature 
of 10,OOO°K w a s  assumed s i n c e  t h i s  w a s  t h e  low- 
est published in the tables .  I t  is noted tha t  t h e  
e f fec t  of temperature is s l igh t  and a choice of 
20,000°K would only change  t h e  electron con- 
centrat ion va lue  by approximately 5%. 

In general ,  the  hydrogen l ine  w a s  depressed 
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A3 I 
f 

.250 .SO0 .750 
0 

0 .250 .SO0 .750 r & y ( inches)  

/ .250 \ 300 .750 

r & y ( inches)  
r & y ( inches)  

12.5 13.0 13.5 

En (e.v.1 

0 Power 31.7 kW 
Hydrogen f low rate 3.6 x low4 Ib/sec 0 .250 .SO0 .750 

r & y ( inches)  

Fig. F-3 MAC-5 Arc-iet intensity profiles 
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APPENDIX G LANGMUIR PROBE 

Results with respec t  to voltage,  V ,  yields  

T h e  resu l t s  of the spectroscopic  excitation 
temperature and electron densi ty  measurements 
are  presented in Section 4 of this  report along 
with a discussion of 'IEe possible  errors in  the  
measurements. 

Appendix G Langmuir probe 

T h e  purpose of this  work was  the  determina- 
tion of electron densit ies in the exhaust  region of 
a hydrogen arc-jet  by means of a Langmuir probe. 

Theory 

A detai led description of the  s ingle  Langmuir 
probe technique and the explanation of the Lang- 
muir character is t ic  curve is given in Ref. 17  and 
in many other sources.  B a s i c  to this  technique 
is the  assumption that the electrons within the  
shea th  surrounding the probe p o s s e s s  a Maxwel- 
l ian velocity distribution. If th i s  condition is 
fulfilled then the  electron current densi ty  at t h e  
surface of t h e  probe i s  given by 

J = eNe (3)' 2nMe exp (z) ((3-1) 

Where J = current density coulombs/sec/m2 

k = Boltzmann constant  (joules/OK) 
e = electron charge (coulombs) 
Me = electron mass (kg) 
Te = electron temperature (OK) 

Ne = electron density (#/m 3 ) 

V = plasma-probe potential  difference 

Taking t h e  logarithmic differential of Eq. (G-1) 
(vol ts)  

90 

~ 

e 11,600 d + = -  ( g n J ) =  -- = - (G-2) 
dV ''e 'e 

T h e  current dens i ty  J i s  obtained by dividing t h e  
probe current by the  col lect ing area of t h e  probe. 
Thus ,  t h e  quantity + can  be determined by the  
s lope  of the  logarithm of the  current densi ty  versus  
probe voltage curve. T h i s  i s  valid when t h e  probe 
is in the electron col lect ing region and t h e  plasma 
potential  i s  constant.  

T h e  electron dens i ty  is obtained by noting 
when V = 0. Equation (G-1) becomes 

11,600k f / z  
Jo = eNe (E) '= eNe( 2nMe ) (4-#) 

or 

N = A (  2nMe ) % + % 
e e 11,600k 

= 5 ( 2nMe ) %  % 
4 e e A  11,600k 

(G-3 )  

where Io is t h e  electron current to t h e  probe when 
the  probe voltage i s  equal  to the  plasma potential  
and A is the col lect ing area of t h e  probe. 

Consequently,  Ne t h e  electron densi ty  i s  ob- 
tained by a knowledge of + and Io s i n c e  a l l  other 
quant i t ies  a re  cons tan t  and known. 

Experimental apparatus and procedure 

Figure G-1 i s  a photograph of the  s ing le  Lang- 
muir probe and i t s  housing apparatus.  T h e  associ- 
ated e lec t r ica l  c i rcu i t  i s  shown in Fig.  G-2. T h e  
ent i re  probe sys tem,  including the  housing, i s  
floated electr ical ly  so as to prevent the  probe from 
drawing d c  current direct ly  from the  arc. T h e  sec- 
ond probe, P2, completes  the  electr ical  c i rcui t  but  
d o e s  not  change the  character is t ic  s ing le  probe 
effect. 

To obtain da ta ,  the  following procedure is 

MCDONNELL 
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APPENDIX G LANGMUIR PROBE 

F i g .  G-1 Langmuir probe apparatus 

Wavetek 105 
f u n c t i o n  

generator 

Dyna  60 wa t t  

aud io  amp l i f i e r  

T1  and T2: 3.522 
secondary t a p  

I 1 

n 

used: a 1000 cps wave form is  amplified and 
applied between the two probes. The oscillo- 
channel of the  oscilloscope is  utilized to record 
probe position. The input to this channel is sup- 
plied by a rotary potentiometer whose output i s  
proportional to t h e  angular position of the  probe 
arm. The probes are swept through t h e  exhaust 
stream and t h e  resulting voltage and current 
characteristics and the probe position are photo- 
graphed simultaneously from the oscilloscope 
screen. These data are then used to make a 
linear plot of total probe current vs.  probe-to- 
probe voltage (Fig. G-3). Since the slope in 
Eq. (G-2) is that taken from a plot of elect,ron 
current vs. probe-to-probe voltage, i t  i s  neces- 

T e  k t ron  i x 

T e k t r o n i x  
555 

I 

I 
I 
I 

4 
4 

T3 

F i g .  G-2 Langmuir probe e lectr ica l  diagram 
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220 * I 
Arc- je t  MAC-7 

30.7 kW Power: 
Propellant:  3.65 x Ib/sec H2 
D a t a  sample: 0.04” above centerl ine 

200.. 

180 -  
and 0.5” downstream of / 
nozzle  ex i t  plane 

-4 -3 -2 -1 0 1 2 3 4 
Probe voltage (volts) 

F ig .  G-3 Sample Langmuir probe data 

sary to extrapolate the lower portion of the 
curve in Fig. G-3 (positive ion current) over 
the entire voltage range used and subtract this 
curve from the total current curve. The semi- 
logarithmic plot resulting from this procedure 
is shown in Fig. G-4. Note that the quantity 
Io appearing i n  Eq. G-3 is shown i n  Fig. G-4 
as the value of the point of intersection of the 
extrapolations of the two linear sections of the curve. 

92 

~ 

Arc device: MAC-7 
1 oo 

8 Propellant:  3.65 x Ib/sec H2 
6 Data  sample: 0.04” above centerl ine 

and 0.5” downstream o 4 
n o z z l e  ex i t  p lane 

2 lectron density: 1-24 x 1013 electrons/cm 

-3 -2  - 1  0 1 2 3 4 

Probe voltage (volts) 

F ig .  G-4 Sample Langmuir probe data 

Results 

The electron density measurements obtained 
with the Langmuir probe are presented in  Section 
4 of this report. 

Error analysis 

The equation used to determine the electron 
density is 

(constant) Io ‘/z 
N =  4 A e 

The estimated uncertainty of each of the experi- 
mentally measured quantities is as follows. 
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Exi t  plane 
stagnation 
entha I py 

(B/lb) 

Io = random electron current when probe volt- 

A = probe collecting area f 10% 
Ne age i s  equal to plasma potential ?25%. 

Thermal  
ef f ic iency 

4 =  slope of I versus V on semilog plot 275% and 

Thus the estimated uncertainty in Ne is 4, ' = 0.59 x or f60%. 'Ne 

Ne 
- = (35.5 x 10- 

Appendix H Test data 

Table H-1 Operating condition for thrust stand tests 

Test no. 

1-NAS1-TS 
2-NASl-TS 
3-NASl-TS 
4-NASl-TS 
5- NASl -T  S 
9-MACP-TS 

12- MACP-TS 
51-MAC5-TS 
52-MAC5-TS 
53-MACS-TS 
54-MAC5-TS 
55-MAC5-TS 
56-MAC5-TS 
5 7-MAC5-TS 
5 8- MAC5- TS 
5 9- MAC5- T S 
60- MA C5- T S 

1 00- X1 -TS 
1 07- X 1 -TS 
112-Xl-TS 
116-Xl-TS 
123-X1 -TS 
126-X1 -TS 
1 27- X 1 -T S 
129- X 1 -TS 
133-X1 -TS 
153-X1-TS 
154-X 1- TS 
155-X 1 -TS 
187-X 1 -TS 
201-Xl-TS 
203-X1-TS 
205- X 1 -T S 
225-Xl -TS 
2 34-GSC2- T S 
242-GSC2-TS 
25 O-G SC2-T S 

Hydrogen 
f low rote 

( I  b/sec x 1 0-4) 

3.50-5.60 
3 SO-5 -50 
3.53-5.53 
3 -48-5.43 
3.50-5.45 
3.53-5.53 
3.53-5.51 
4.50 
4.01 
3.63 
3.53 
4.50 
3.62 

3.63-4.54 
3.6 1-4.52 
3.53-4.54 
4.35 
4.36 
1.32 
1.30 
4.92 

0.86-1.33 

4.03-4.52 

1.06-1.33 

1.04-1.33 
1.06-1.34 
1.32 
1.31 
0.37-1.32 

0.76-1.32 

0.66 
0.75-1.31 
7.37 
7.37 
7.35 

0.88-1.32 

0.77-1 -33 

Power 
input 

(kW) 

Arc 
chamber 
pressure 

(torr) 

6-36 
6-33 
6-32 
6-30 
6-30 
6-29 

17-30 
21-32 
21-32 
21-32 
20-33 

11-43 
10-42 

21-51 
20-43 
21-43 
20-43 
44- 80 
30-133 
31-57 
30-70 
12-100 
27.7 
22-34 
30-1 08 
30-95 
24-32 
26-81 
21-93 
25-87 
25- 94 
26-90 
27-5 1 
25-94 
23-30 
22-30 
26-30 

70,900-1 15,600 

15,600-1 06,400 
142,000- 162,200 
54,100- 162,200 

11 7,600-549,200 
11 1,500-388,500 
123,500-238,500 
11 2,300-359,000 

105,100-585,300 
88,700-596,900 

212,400-425,100 

90,800-476,600 

99,900-567,900 

99,100-626,500 

65-72 

54-61 
65-70 
32-71 
39-68 
40-58 
59-73 
57-61 
40-62 
51-63 
47-57 
41-57 
53-57 
52-59 

662- 1070 
678- 1 039 
63 0- 1 054 
693- 1062 
698-1078 
340-555 
351-552 
314-344 
288-31 8 
269-295 

283-352 

303-381 

266-288 

233-298 

274-377 
2 77-3 8 1 
2 74-3 8 1 
18-23 
30-34 
17-20 
25-30 
28-66 
19-22 
17-22 
20-31 
35-40 
18-24 
23-30 

2 0- 33 
20-33 

21-32 
91 0- 1027 
875- 970 
902-963 
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Table H-2 Operating conditions for mass flux probe tests 

T e s t  no. 

~~~ 

61-MACI-MFP 
87-MAC4-MFP 
91-MAC4-MFP 
92-MAC4-MF P 
94-MAC4-MF P 

101-MAC4-MF P 
102-MAC4-MF P 
103-MAC4-MFP 
108-MAC4-MFP 
109-MAC4-MF P 
113-MAC4-MF P 
117-MAC4-MFP 
11 8-MAC4-MF P 
120-MAC4-MF P 
121-MAC4-MFP 
132-MAC4-MFP 
136- MAC4-MF P 

145-GSC2-MFP 

148- MAC4- MF P 
150- MAC4- MF P 
15 1 -MAC4-MF P 

142-MAC4-M F P 

1 4 7- MA C4- MF P 

1 5 2- MAC4 - M F P 
165-GSC2- MF P 
166-GSC2-MFP 

193-MAC4-MFP 
194-MAC4-MF P 
199-MAC4-MFP 
200- MA C4- M F P 

2 11 -MAC4-MF P 

191-MAC4-MFP 

2 10- MAC4- MF P 

212-MAC4- MFP 
2 13- MAC4- MF P 
2 14- MAC4- M F P 
21 8-MAC4-MFP 
220-MAC4 -MF P 
22 1 - MAC4- M F P 
227-MAC4-M F P 
232-MAC4-MF P 
253-MAC4-MF P 
254-MAC4-MF P 

256- MAC4-M F P 
255-MAC4-MF P 

258-MAC4-MF P 
263-MAC4-MF P 
264- MAC4- M F P 
265-MAC4-MF P 
276-MAC4-MFP 
277-MAC4-MF P 
278-MAC4-MF P 

Hydrogen 
f low rate  

( Ib /secx 

3.62 
3.62 
3.66 
3.60 
3.63 
3.63 
3.63 
3.64 
3.62 
3.63 
3.63 
3.05- 3.62 
3.67 
3.60 
3.64 
3.63 
3 -63 
3.63 
7.43 
3.67 
4.57 
3.62 
4.01 
4.53 
7.37 
7.28 
3.60 
3.64 
3.55 
3.61 
3.66-7.37 
3.62 
3.63-4.52 
3.62 
3.65 
3.60 
3.63 
3.63 
4.01 
3.61 
3.65-4.54 
3.62-4.52 
4.02-4.53 

4.00 
3.62-4.51 
4.47 
3.63-4.00 
4.53 
3.63-4.03 
3.63 
3.62 

3.62-4.52 

Power 
input 

(W 

31.0 
31.4 
33.0 
31.3 
30.7 
32.3 
31 .O 
32.3 
20.6 
26.5 
31.0 
28.1 
31.0 
30.8 
31.6 
32.0 
31.9 
31.5 

31.7 
31.6 
30.8 
31.9 
31.9 
30.5 
31.0 
31.5 
31.3 
31.3 
31.4 
31.5 
31.5 
32.0 
20.8 

28-31 

20-33 
36-42 
6-21 
21 .o 
20.8 
20.6 
20.5 
20.8 
25.6 

30.5 

35.0 
35.0 
40.4 

30.4 
30.1 

24-30 

30-36 

30-36 

E x i t  plane 
stagnation 

ent ha I py 

(B/lb) 

45,500 

65,500 
61,300-72,600 
65,000 
65,600 
66,600 
67,500 
68,000 

54,400-58,100 

62,800-71,100 

67,700 
54,700 
65,700 
62,800 
56,300 

66,700 
64 ?3 0 0- 6 9,100 

65,300-68,100 
35,900-66,800 
66,000 
53,000-67,5 00 
45,200 
44,900-69,800 
75,400-87,600 

66,800-67,700 

45,800 
40,200 
45,000 
34,900-43,200 
35,400-44,100 
44,300-48,100 

58,000 

59,200 

68,300 

49,900-51,900 

60,800-65,900 

67,300-73,500 

63,600-68,600 
63,600- 65,400 
58,200-60,300 

T herma I 
mfficiency 

(% ) 

81 .O 

78.5 
81 .O 
79.3 
78.7 
79.0 
79.0 
78.8 

76-81 

73-86 

80.4 
80.7 
79.0 
81 .O 
81 .O 

78.5 

78.3 
78.0 
77- 84 
78.0 
78.0 
79.9 
77-80 
76-78 

79.3 
78.5 
79.5 
75-79 
76-79 
74-79 
76-79 
76-79 
77- 82 

77- 81 

77.6 

78.7 
79.0 
78.5 
72.8 

76- 79 

~~ 

Arc 
chamber 
pressure 

(torr) 

333 
326 
3 25 
3 05 
315 
320 
320 
323 
2 90 
3 09 
320 
312 
325 

323 
325 
3 25 
332 
960 
332 
387 
327 
350 
3 87 
941-954 
95 3 
336 
34 0 
344 
323-337 
342-608 
330 
332-390 
3 02 
303-340 
346-368 
282-365 
298 
330 
2 98 
3 05-35 8 
298-355 
346-380 
314-391 
357 
332-400 
4 02 
347-377 
416 
332-382 
338 
337 

Vacuum 
pressure 

(torr) 

1.80 
3.68 
1.70 
1.68 
3.68 

2.24 

0.05-2.11 
0.09-2.24 
0.09-2.77 
1.1 9-2.74 

I .64-1.96 
1.50-2.24 
2.27 
!.30 
2.1 9-2.74 

0.32-0.38 
1.35-0.38 
0.35 
0.35-0.43 
0.3 9- 1.35 
0.26-0.28 

0.32 
0.3 8- 0.45 

0.28-0.32 

0.62 
0.38 
0.38-0.84 

0.5 1 - 0.84 
0.38- 0.82 
0.51-0.57 
0.4 0- 0.80 
0.68 
0.32-0.45 
0.77 
0.30-0.40 
0.35 
0.2 8- 0.30 

0.26-0.54 

0.40- 0.43 

0.30- 0.5 1 

0.40-0.77 
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APPENDIX H TEST DATA 

Table H-2 Operating conditions for mass flux probe tests (Continued) 

Exit  plane Arc 
chamber 
pressure 

(torr) 

Hydrogen 
f low rate 

( Ib /secx 

Thermal  
e f f ic iency 

(XI 

Power 

input 

(kW) 

Vacuum 
press ure 

(torr) 

stagnation 
T e s t  no. 

enthalpy 

(B/lb) 

3.63 
3.62 
3.63 
3.64 
3.63 
3.66 
3.65 
3.63 
3.63 
3.99 
3.97 
3.63 
3.61 -3.99 
4.01 
4.03 

30.3 
30.0 
30.7 
30.7 
30.7 
30.7 
30.4 
30.5 
30.6 
35.4 
35.7 
35.2 
30-36 
35.8 
35.6 

59,700-66,200 
62,600 
63,800 
63,900 
65,400 
64,900 
64,900 

65,200 
73,800 
71,000 
74,500 

70,800 
59,6GO 

64,500-68,200 

64,200-70,400 

73-82 
77.7 
77.4 
77.7 
79.3 
79.4 
80.1 
79.3 
79.4 
81.1 
81.2 
79.0 
79-81 
81 .a 
80.7 

38 
330 
3 35 
333 
325 
320 
319 
325 
322 
353 
356 
3 35 
3 1 8- 356 
3 60 
360 

0.32 
0.30 
0.30 
0.30 

0.30 
0.30 

0.35-0.38 

0.37-0.42 
0.38-0.40 
0.42 
0.40-0.45 
1.07-1.1 0 
0.32-0.45 
0.45 
0.45- 0.5 1 

279- MAC4-MF P 
287-MAC4-MF P 
288-MAC4-MFP 
290-MAC4-MF P 
292-MAC4-MFP 
294-MAC4-MF P 
295- MAC4- M F P 
296- MAC4- MF P 
2 99- MAC4- MF P 
300-MAC4- MF P 
302- MAC4- M F P 
303-MAGI- MF P 
3 09- MAC4- M F P 
3 12-MAU-MF P 
3 14- MAC4- MF P 

Table H-3 Operating conditions for impact pressure probe tests 

Hydrogen 
f low ra te  

[ Ib /secx 

Arc 
chamber 
pressure 

(torr) 

Vacuum 
pressure 

(torr) 

E x i t  plane 
stagnation 

enthalpy 
(B/lb) 

42,000 
60,300 
40,000-55,000 
41,200-62,800 
23,700-45,600 
53,500-65,800 
106,300 

Thermal 
ef f  iciency 

Power 

input 

(kW) 
T e s t  no. 

30-MAC4- P P 
31-MAC4-PP 
32-MAC5-PP 
33- MACS- P P 
34-MAC5-PP 
35-MAC5- P P 
36-MAC5- P P 
37-MAC5-PP 
4 1 - MAC4- P P 
46-MAC4-PP 
47-MAC4- PP 
48-MAC4- P P 
71-MAC4-PP 
73-MAC4-PP 
74-MAC4- P P 
75-MAC4-PP 

143-GSC2-PP 
144-GSC2-PP 

3.62 
3.62 
3.61 
3.61 
3.65 
3.65 
3.67 

3.63-4.52 
4.52 
3.63-4.04 
3.62-4.50 
3.62-4.51 
3.62 
3.61 
3.63-4.52 
7.37 
7.40 

20.5 
31.1 
20-31 
20-34 
10-21 
21-26 
42.1 
20-37 
20-42 
20-41 
21-42 
20-43 
32.0 
31.8 
32.4 
21-33 
25-30 
31 

75 .O 
72.0 
65-72 
68-73 
79.4 
95.0 
96.3 

69-74 
68-72 
68- 72 
68-73 
78-81 
79.4 
79.6 
78-81 

287 
322 
278-31 1 
278-31 8 
247-285 
287-301 
34 0 

287-397 
330-403 
298-372 
294-408 
329-387 
333 
332 
329-392 

0.60 
0.57 
0.45 
0.40 
0.74 
0.80 
0.74 

33,800-77,400 
32,800-62,500 
36,500-77,100 
35,000-72,800 
54,400-68,300 
67,900 
69,600 
36,700-69,600 

0.40-1.28 
0.68- 0.80 
0.35-0.51 
0.35- 0.80 
0.40- 0.71 
0.35 
0.38 
0.45-0.80 
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i APPENDIX H TEST DATA 

Table H-4 Arc-iet operation conditions for velocity meter tests 

T e s t  no. 

10-MAC3-VM 
11-MAC3-VM 
13-MAC3-VM 
14-MAC3-VM 
15- MAC3-VM 
16-MAC3-VM 
17-MAC3-VM 
18-MAC3-VM 
19-MAC3-VM 
2 0- MA C3- VM 
21-MAC3-VM 
22-MAC3-VM 
24-MAC3-VM 
25-MAC3-VM 
26- MAC4-VM 
27- MAC4- VM 
28-MAC4-VM 
38-MAC4- VM 
39-MAC4-VM 
40- MAC4-V M 
42- MAC4- V M 
43- MAC4 - V M 
44- MAC4- VM 
45- MAC4-V M 
49- MA C4 -$ M 
50-MAC4-VM 
62-MAC4-VM 
63- MAC4- VM 
64- MAC4-VM 
65-MAC4-VM 
67- MA C4 - V M 
68- MAC4- V M 
69- MAC4- V M 
70- MAC4-V M 
72-MAC4- VM 
78-MAC4-VM 
96- MAC4- VM 

128-GSCZ-VM 
130-GSC2-VM 
131-GSC2-VM 
134-GSC2-VM 
135-GSC2-VM 
137-GSC2-VM 
138-GSCZ-VM 
140-GSC2-VM 
158-MAC4-VM 
159- MAC4-VM 
16 1 -MAC4- VM 
164- MAC4- VM 
167-MAC4-VM 
168-MAC4-VM 
169-MAC4-VM 

H y dr og en 
f low rote 

[Ib/sec x 

3.64-4.53 
3.64 
3.62-4.54 
3.56-3.57 
3.5 8-4.03 
3.60-3.64 
3.59-4.44 
3.59-3.64 
3.60-4.48 
3.57-3.98 
3.58-4.03 
3.60-4.02 
3.62-4.61 
3.63 -4.3 8 
3.63 
3.63 
3.63 
3.62 

3.42-4.98 
4.05-4.38 
4.38 
4.37 
3.61-4.37 
4.37 
4.37 
4.37 
3.62-4.40 
4 .OS -4.3 7 
3.63-4.69 

3.44-5.30 

3.74-4.38 
4.31-4.72 
4.35 
4.37 
3.68-4.70 
3.94 - 4.3 8 
3.65-4.55 
7.32 
7.40 
7.43 
7.32 
7.37 
7.35 
7.43 
7.37 
4.49 
4.55 
4.52 
4.49-4.62 
4.55 
3.65-4.55 
4.53 

Power 

input 

( k W  

6-30 
9-23 
6-23 
9-23 
6-30 
9-29 
9-23 
9-23 

6-23 
6-23 

6-23 
6-23 
8-32 
7-25 
30.4 
31.2 
30.8 
25.0 
25-4 1 
20-42 
24-42 
24.7 
24.9 

25.0 
25-32 
25.6 
18-33 
25-32 
20-38 
20-33 
21-37 
26-33 

23-3 1 

26.1 
20-32 
25-32 
20-33 
31 .O 

31.0 
30.4 
30.5 
31 ;3 
31.0 
31.0 
21.3 

26-32 

20-37 
21-33 
31.3 

21-35 
21-33 

20-37 

E x i t  plane 
stagnation 

enthalpy 
(B/lb) 

18,000-68,500 
24.1 00-54,900 
14,600-55,400 
26,100-55,400 
16,4 00-68,300 
26,700-66,900 
30,100-52,700 
23,600-55,400 
15,100-54,000 
16,300-56,600 
16,200-57,000 
16,500-60,300 
16,100-65,000 
16,200-54,600 
57,700 
61,000 
59,500 
49,900 
36,300- 73,300 

42,800- 75,800 
39,800 
39,900 

40,300 
37,300-59,800 

3 9,600- 66,000 
46,500-61,300 
36,100-76,600 
38,300-62,800 
32,300-64,800 
47,100-58,100 
46,400 
42,900-67,900 
45,100- 62,700 
34,000- 66,4 00 

36,500 
35,400-61,000 
35,900-55.1 00 
51,100-54,300 
36,100-54,400 
36,s 00- 65,5 00 
35,500-63,000 

T her rno I 
eff ic iency 

(%I 

86-97 
86- 95 
85 - 95 
85- 98 
84 - 98 
84- 98 
81-96 
84-95 
84-95 

84-97 
84-97 
72-96 
75-96 
70 
73 
72 
73 
69-76 

84-97 

70-75 
70.8 
70.6 

71 
69-73 

77-81 
77- 79 
77-80 
78-81 

71-80 
79.3 
78.9 
78-81 
77- 80 
74-79 

77.0 
74-79 
74-79 
66.0 
76-81 
75-81 
76-80 

Arc  
chamber 
pressure 

(torr) 

285-480 

3 10-453 
322-427 
334-483 
3-36-455 
347-439 
346-4 05 
350-407 
349-407 
355-437 
351 -448 
306-430 
315-411 

270-384 

3 00 
305 
310 
3 02 
302-3 97 
282-442 * 
328-380 
353 
355 
306-353 
355 
356-380 
350 
290- 3 a i  
342-381 
306-416 
3 04 - 3 78 
345-414 
353-374 
358 
306-405 
35 2 

960 
91 0-962 

940-959 
955- 968 

955- 968 
950- 965 
349 
347-397 
352-390 
389 

325-3 72 

935-960 

947-961 

358- 3 96 

355 -403 

Vacuum 
pressure 

(torr) 

0.40-0.78 
0.38-1.03 

0.40-0.45 

0.36- 0.40 
0.32-0.55 
0.36-0.38 

0.38-0.72 

0.4 0-0.53 

0.36-0.63 
0.3 2-0.4 0 
0.32-0.53 
0.3 0- 0.53 
0.3 8-0.74 
0.45- 0.82 
0.68 
0.68 
0.66 
0.35-0.40 
0.30- 1.30 
0.30-1.28 
0.45-0.62 
0.74- 0.80 
0.62 - 0.74 
0.35-0.68 
0.77- 1.05 
0.84-1.1 2 
0.68 
0.62-1.10 
0.95-2.23 
1 .OO-2.27 
0.4 0- 0.62 
0.66-0.84 
0.67 
0.68 
0.35- 0.74 
0.45- 0.7 1 

0.600 

0.71 -0.80 
0.80-0.90 
0.71-0.80 
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APPENDIX H TEST DATA 

2 

Vacuum 
pressure 

(ton) 

I .  

Table H-4 Arc-iet operation conditions fa velocity meter tests (Continued) 

Test  no. 
Hydrogen 
f low rate 

(Ib/sec x 1 0-4) 

170-MAC4-VM 
171-MAC4-VM 
172-MAC4-VM 
173-MAC4-VM 
174-MAC4-VM 
1 77- MAC4- V M 
18O-GSCZ-VM 
181-GSC2-VM 
186-GSC2-VM 
2 07- GSC2- V M 
228-GSC2-VM 

3.62-4.d4 

3.63 
3.66-4.07 

3.66-4.08 
3.60-4 .50 
4.07-4.55 
7.40 
7.37 
7.40 
7.40 
7.37 

Power 
input 

(W 

2 1-32 
21-32 
20-37 
20-26 
20-37 
20-36 
24-32 
31.2 

30.6 
30.1 

25-31 

Exit plane 
stagnation 
enthalpy 

(B/lb) 

Thermal 
eff iciency 

(%I 

41,600-65,200 

45,000- 76,900 
44,700-50,4 00 
45,900-67,500 

44,800- 62,600 

36,200-61,400 

78- 8 1 
76-82 
78-81 
80.6 
79-81 
77-79 

I 

Arc 
chamber 
pressure 

(torr) 

320-356 
306-360 
2 99-34 9 
299-342 
301-405 
323-399 
875-970 
960-972 

952 
95 0 

927- 963 
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APPENDIX H TEST DATA 

Table H-5 Operating conditions for enthalpy probe tests 

I 
Test no. 

2 16-GSC2-E P 
217-GSC2-EP 
229-MAC5- E P 
230-MAC5-EP 
236-MAC5-EP 
238-MAC5- E P 
240-MAC5-E P 
241-MAC5-E P 
243-MAC5-EP 
244-MAC5-E P 
245-MAC5-EP 
246-MAC5-E P 
247-MAC5-E P 
248-MAC5- E P 
251-MAC5- E P 

261-MAC5-E P 
257-MAC5-EP 

267-MAC5-E P 
268-MAC5-E P 
269-MAC5-EP 
270-MAC5-E P 
271-MAC5-EP 
272-MACS-E P 
273-MAC5-EP 
274-MAC5-EP 
275-MAC5-EP 
280-MAC5-EP 
283-MAC5-E P 
306-MAG-EP 
307-MAC5-EP 
308-MAC5-E P 
31 0-MACS-E P 
311-MAC5-EP 
315-MAC5-E P 
317-MAC5-EP 
318-MAC5-EP 

Hydrogen 
f low r a t e  

(Ib/sec x 1 0-4) 

7.32 
7.37 
4.54 
4.03 
4.52 
4.52 
4.50 
3.99 
3.64 
4.51 
4.02 
3.67 
4.53 
4.02 
3.64 

4.52 
4.51 
4.02 
3.63 
4.00 
3.62 
4.52 
4.00 
3.62 
4.51 
3.63-4.53 

3.63-4.53 

3.62-4.52 
3.61-4.51 
3.63-4.52 
3.61 -4.5 1 
3.60 
3.62 
4.50 
4.04 
3.65 

Power 
input 

(kW) 

30.8 
30.5 
19.6 
20.0 
19.8 
19.8 
19.9 
19.5 
19.8 
25.2 
25.0 
25.3 
30.0 
30.0 
30.5 

29.8 
25.5 
25.0 
25.3 
19.8 
20.0 
30.0 
30.3 
30.6 
20.2 
19-30 
20-30 

19-31 

19-31 
19-31 
19-31 
20.0 
20.5 
35.8 
35.8 
35.8 

Ex i t  plane 
stagnation 
entha Ipy 

(B/ I b) 
~ 

33,800 
38,200 
34,300 
34,300 
34,600 
37,500 
41,500 
44,300 
47,000 
52,600 
50,300 
57,700 
63,500 

50,000 
43,000 
47,500 
53,200 
37,800 
42,300 
50,300 
58,800 
64,100 
35,000 

34,700-63,400 

34,900-63,600 
34,800-63,800 
34,700-64,100 
35,600-65,500 
35,400-64,000 

43,800 
60,000 
67,500 
73,300 

41,200-44,200 
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Thermal 
eff iciency 

78.2 
77.2 
78.2 
78.2 
78.2 
77.2 
76.5 
80.0 
76.8 
77.7 
77.2 
79.0 
77.7 
78.0 
77.2 
77.2 
77.5 
77.7 
77.2 
77.3 
77.0 
79.0 
77.7 
78.2 
77.8 
78.0 
76-79 
76-79 
77-79 
77.8 
78.0 
77.3 
78.3 
77.2 

Arc 
chamber 
pressure 

(torr) 

320 
297 
324 
326 
326 
2 98 
2 78 
342 
315 
292 
356 
329 
3 06 
207-355 
35 8 
344 
316 
2 94 
3 02 
280 
359 
328 
310 
329 
279-356 
2 83- 364 
284-365 
282-350 
282 - 3 65 
280 
283 
3 80 
349 
320 

Vacuum 
pressure 

(torr) 

0.62-0.68 

0.54-0.60 
0.57-0.60 
0.57-0.62 
0.35 
0.32 

0.40-0.48 

0.54-0.57 
0.38-0.40 
0.28-0.30 
0.60-0.66 
0.38 
0.35 

0.54 

0.40 
0.30 
0.40 
0.28 
0.66 
0.38 
0.33 
0.65 
0.30-0.60 
0.30-0.62 

0.30-0.66 

0.60-0.62 

0.30-0.62 
0.26-0.60 
0.30- 0.65 
0.30 
0.30 

0.45-0.51 
0.35 

0.68-0.71 
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APPENDIX H TEST DATA 

Test  no. 

66- MAC5- S P 
76- MACS- S P 
77-MAC5-SP 
79-MAC5-SP 
80-MAC5-S P 
81-MAC5-SP 
82-MACS-S P 
83-MAC5-S P 
84-MAC5- 5 P 
85- MACS- S P 
86- MAC5-S P 
88-MAC5-SP 

124-GSC2-SP 
222-MAC7-SP 
321-MAC5-SP 
322- MA C5-S P 
324-MAC5-SP 

Table H-6 Arc-iet operating conditions for spectrometer test  

I 
Hydrogen 
f low ra te  

(Ib/sec x 1 0-4) 

Power 
input 

(kW) 

3.63 
3.63 
3.61 
3.65-4.07 
4 -03 
4.25 
3.63 
3.64 
3.63-4.07 
4.00-4.28 
4.04-4.30 
3.60 
7.37 
3 -62 
3.65 
3.61-4.27 
3.45-4.00 

31.7 
33.2 
33 .O 
31.5 
29-33 
31.6 
36.5 
26.3 
20-32 
21 -27 
36-38 
31.2 
24-32 
25-35 
35.3 
20-36 
30-36 

Exit plane 
stagnation 
ent ha Ipy 

(B/lb) 

66,100 
69,000 
69,000 
59,800-64,800 
55,700-62,300 
56,800 
75,400 
55,000 
39,600-60,700 
37,900-49,600 
62,800-71,800 
65,700 

Therma I 
eff iciency 

(% 1 

77.7 
77.5 
77.5 
77- 79 
78-79 
78.0 
77.2 
77.7 
77-79 
77.5 
78.0 
77.7 

Arc 
chamber 
pressure 

(torr) 

308 

320 
336 
313 
288 
273-323 
307-320 
333-350 
296 
848-960 
289-313 

Table H-7 Operating conditions for langmuir probe tests 

Test no. 

156-MAC5- L P  
160-MAC5-LP 
178-MAC5- L P 
179-MAC5-LP 
21 5-MAC5- L P 
223-MAC5-LP 
224-MAC5- L P 
226-MAC5-LP 
249-MAC7-LP 
251 -MAC7- L P 
260-MAC7- L P  
262-MAC7- L P 
31 3-MAC7-LP 
316-MAC7-LP 

Hydrogen 
f low rate 

(Ib/sec x 1 0-4 

3.63 
3.63 
3.61 
3 -65 
3.62 
3.64 
3.65 
3.62 
3.61 
3.61 
3.62 
3.62 
3.62-4.03 
3.62-4.02 

Power 
in put 

(kW) 

21.5 
32.3 
21.4 
21.7 
21 .o 
20.0 
30.1 
18.7 
19.3 
19-36 
30.3 
19-30 
19-36 
19-35 

Vacuum 
pressure 

(torr) 

0.30-0.35 
0.38-0.43 
0.30 
0.32 
0.35 
0.37 
0.30-0.32 
0.20-0.40 
0.35-0.51 

Vacuum 
press ure 

(torr) 

0.28-0.35 
0.28-0.35 
0.40 
0.09-0.1 7 
0.40 
0.48 
0.28-0.32 
0.28 
0.32-0.48 
0.35-0.45 
0.38-0.57 
0.30 

0.28 
0.28-0.30 
0.30-0.5 1 
0.30-0.51 
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1 APPENDIX H TEST D A T A  

~ 

E x i t  plane 
stagnat ion 
ent ha Ipy 

(B/lb) 

Table H-8 Operating conditions for static pressure tests 

Arc Thermo' 
efficiency 

pressure 
(torr) (% 1 

Test no. 

Power 
input 

(kW) 

Hydrogen 
f law rate 

(Ib/sec x 1 0-4) 

3 19-MAC4-ES P 
320-MAC4-ESP 
323-MAC4-ESP 
328-MAC4-ESP 

325-MAC7-NSP 
326- MAC 7- NSP 
327-MAC7: NSP 

329-GSC2-ESP 

6-NASI-C 
7-NAS1-C 

8- MAC3-C 
11-MAC3-C 

1 16-MAC3-C 

3.65-4.5 1 
3.63-4.54 
3.63-4.04 

4.00 

3.63-4.52 
3.68-4.5 7 
4.00-4.54 

7.32 

Power 
input 

(kw) 
Test  no. 

Ex i t  plane Arc 
Vacuum 

stagnat ion efficiency prsssure pressure 
(torr) 

chamber Thermal 

enthalpy 
(B/lb) (% 1 (torr) 

6-31 
13-35 

12-29 
13-29 
13-30 

20-31 
19-36 
20-36 
20-41 

18-26 
24-36 

35.8 

30.6 

I 

12,100-73,300 91-96 669-1088 0.30-1.22 
23,700-81,000 90-97 622-1082 0.24-1.07 

28,800-60,900 85-94 329- 469 0.30-0.59 
28,300- 62,900 85-93 325- 477 0.38-0.72 
29,100-67,600 84-93 379- 535 0.36-0.74 

h 

35,500-52,700 
34,900- 77,000 
39,800-77,300 
39,500- 80,000 

34,400-53,900 
41,400-72,000 
58,700-69,700 

78.9 
78-81 
79-81 
78-82 

76-79 
76-78 
76-79 

Table H - 9  Operating conditions for calorimeter tests 

Hydrogen 
f law ra te  

( I b / s e c ~ l O - ~ )  

3.53-5.55 
3.52-5.50 

3.51 -4.51 
3.53-4.56 
3.51-4.49 

287-366 
284- 3 80 
2 84-328 
309-368 

I 

~ 

Vacuum 
pressure 

(torr) 

0.68-1.23 
0.62- 1.23 

0.40 
0.60- 0.66 

0.5 1 - 0.95 
0.4 0- 0.98 
0.57- 0.87 
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